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GENERAL INTRODUCTION 
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GENERAL INTRODUCTION. 
Many studies have appeared in which rate equations for enzyme 
reactions were applied succesfully for the description of the 
kinetics of solute transoort across biological nembranes (nembrane 
transport) [l—6] . The simplest rate equation for an enzymic 
reaction is the Michaelis—Menten equation ITj» 
V S 
v - - ^ (1) 
К + S 
m 
In t h i s ecraation V i s the r a t e of s u b s t r a t e conversion (v) a t 
i n f i n i t e s u b s t r a t e concentra t ion (s) and К i s tne c o n c e n t r a t i o n 
of S a t which ν = ¿ V . This equation r e l a t e s the r a t e of 
conversion of the subs t ra t e in to the product mediated by an enzyne 
with one subs t ra t e binding s i ^ e , t o tne concent ra t ion of the 
Gubstraxe m the medium. As pomxed out by Borst—Pauwels |8j , 
the t r a n s l o c a t i o n of a so lu te ac ross a membrane, mediated by a 
mechanism with one binding s i t e , may be described formally by the 
Michaelis-Menten equation only under r e s t r i c t e d cond i t i ons . In 
the case of a t r a n s l o c a t i o n process , e . g . the uptake of a so lu te 
by l i v i n g c e l l s , the physical s igni f icance of the mathematical 
symbols m the Michaelis-Menten equation (V and К ) might d i f f e r 
fundamentally from t h a t in the case of an enzyme r e a c t i o n . In the 
former case, these k i n e t i c c o e f f i c i e n t s -night be no r e a l c o n s t a n t s , 
i n c o n t r a s t to t h e i r meaning m the l a t t e r c a s e . In f a c t , these 
c o e f f i c i e n t s could be co-nplex funct ions of k i n e t i c c o n s t a n t s , of 
the rretabolic s t a t e of the c e l l s and of the i n t r a c e l l u l a r s o l a t e 
composition of the c e l l s as »-ell. In a d d i t i o n , i f the so lute i s 
t r a n s p o r t e d a c r o s s the membrane m a chargea forir, the k i n e t i c 
c o e f f i c i e n t s may a l s o depend on the p o t e n t i a l di f ference a c r o s s 
the c e l l u l a r membrane (membrane p o t e n t i a l ) . Obviously, nembrane 
t r a n s p o r t phenomena may be much more complicated than the a c t i o n 
of an enzyme in s o l u t i o n . I t appeared, however, t h a t formally 
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models for enzyiric procenses can Ъе apDlied t o the k i n e t i c d e s c r i p ­
t i o n of many шегЪгапе t r a n s p o r t processes . T i e r e f o r e , as a f i r s t 
approximation, the use of these models as ecraivalent models for 
-nenibrane t r a n s p o r t may be helpfj.1 in the e l u c i d a t i o n of the a c t u a l 
mechanism by which a so lute i s t r a n s p o r t e d a c r o s s a c e l l u l a r 
membrane. 
Frecruently, however, d e v i a t i o n s from the Michaelis-Menten r e ­
l a t i o n are observed in such c a s e s . These d e v i a t i o n s have been a t t r i ­
buted t o r e f l e c t t r a n s p o r t v ia mechanibms with more than one binding 
s i t e [9-13] , the simultaneous operat ion of a couple of mechanisms, 
each of the Michaelis-Menten type [l4-l8j or t o t r a n s p o r t v ia 
a l l o s t e n c types of irecnamsms [19J · A l l these rodé i s are based on 
the assumption tha t t h e o r e t i c a l r a t e ecuat ions derived for enzymic 
r eac t ions may be appl ied t o membrane t r a n s p o r t . In the cons t ruc t ion 
of t r anspor t models o ther than by simple d i f fus ion i t i s t a c i t l y 
assumed tha t a t r anspor t system may be considered to be equivalent 
ί ο an enzyme which i s a t t a c h e d t o or embedded m a membrane, and 
t n a t the k i n e t i c behaviour of such an equivalent does not d i f f e r 
from t h a t of the same e n t i t y in free s o l u t i o n . However, i t has been 
эЬо'лп experimental ly t h a t the k i n e t i c behaviour of a membrane bound 
enzyme often d i f f e r s fron t h a t of the sane enzyme m free s o l u t i o n , 
e s p e c i a l l y when charged s u b s t r a t e s are involved and the membrane 
i t s e l f bears a charge [20-22] . 
About 10 - 20$ of the l i p i d s in the membranes of many c e l l s 
( e . g . nerves, muscles) and of organel les ( e . g . mitochondria, syn­
a p t i c v e s i c l e s ) bear a net negative charge [23] , whereas p o s i t i v e ­
ly charged l i p i d s are extrerrely rare [24J . In f a c t , most, i f not 
a l l , b i o l o g i c a l тепЪгачеь oear a net negative charge [ 2 5 ] . This 
charge produces a negative e l e c t r o s t a t i c p o t e n t i a l in the aqueous 
phase immediately adjacent t o the membrane, the p o t e n t i a l in the 
bulk aqueous phase being defined as z e r o . According t o the Boltzmann 
d i s t r i b u t i o n law (Eqn. 5) , c a t i o n s present in the bulk aqueous phai-e 
w i l l be a t t r a c t e d by the negative surface groups, whereas anions 
vill i be r e p e l l e d (see F i g . l ) . Therefore, the c o n c e n t r a t i o n of a 
c a t i o n near the membrane surface may be some orders of magnitude 
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higher than i t s c o n c e n t r a t i o n m the bulk phase, depending on the 
magnitude of the surface p o t e n t i a l . The reverse a p p l i e s t o a n i o n s . 
20 30 
DISTANCE (X) 
F i g . 1. Scnenat ic r e p r e s e n t a t i o n of 
the c o n c e n t r a t i o n p r o f i l e s of ions 
near a negat ive ly charged sur face . 
The concentra t ion of ions S^ .. i s 
p l o t t e d aga ins t the dis tance frorr the 
membrane surface ( x ) . 
I t i s well known from the e f f e c t s of polyvalent c a t i o n s and 
of the pH on the conductance voltage p r o p e r t i e s of a r t i f i c i a l 
[26-28] and of b i o l o g i c a l memorane s [29-34] t h a t the presence of 
a negative surface charge has a s i g n i f i c a n t influence on membrane 
processes a s s o c i a t e d n-ith ion t r a n s l o c a t i o n across the irembrane. 
The r e s u l t s of these i n v e s t i g a t i o n s led us t o consider t h a t t r a n s ­
l o c a t i o n of an ion across a b i o l o g i c a l -петогапе, mediated by a 
•nechamsti with only one binding s i t e , iright show the dev ia t ion 
from the Michaelis—Meiten r e l a t i o n f requent ly observed in membrane 
t r a n s p o r t of i o n s , due t o the presence of a surface charge. 
In the d e r i v a t i o n of the Kiohaelis-Menten equat ion i t i s 
assumed t h a t before the s u b s t r a t e i s converted t o the products 
the s u b s t r a t e i s bound t o the enzyme. In analogy t o t h i s process , 
i t may be assumed t h a t a so lute i s bound t o a s i t e of the t r a n s ­
port mechanism before t r a n s l o c a t i o n a c r o s s the membrane occurs . 
In the case t h a t equi l ibr ium c o n d i t i o n s apply, the binding of a 
s o l u t e t o a s i t e of the t r a n s p o r t mechanism may be represented by 
the following scheme: 
A + S ± AS 
A.S 
с 
AS 
(2) 
(3) 
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A i s the anount of acceptor ci tes onto which the solute S of 
concentration S i s bound. К i s the dissociation constant of the 
о a 
complex of A and S. S i s the concentration of S near the "іетЪгапе 
surface. By iraKing use of Ε ση. 3 i t can oe easily derived that the 
rate of Transpon; ν i s related to 3 , according to an equation of 
the form: 
V S 
n o . . 
v
 - ΊΓΤΤ- (4) 
π о 
In other words, the Michaelic-Ilenter. equation (Eqn. 1) may be 
applied for the kinetical description of menbrane transport via 
a single—site mechanism, provided S m Eqn. 1, the concentration 
of the solute m the bulk aqeous phase, is replaced by S , the 
concentration of the solute near the me-'brare surface. S is 
о 
related to S, according to the Boltzmann equation: 
S
o
 = S.exp (- qz^ykT) (5) 
Рог the meaning of q and к we refer to Chapter I I . ψ i s the surface 
potential and ζ i s the valency of the solute Ξ. The surface poten­
t i a l i t s e l f i s a function of the ionic strength of tne bulk 
aqeous phase Γ35Ι and thus of S (for ζ / о) as tfell. Consequently 
there i s no l inear relation between S and 3 . In the case that 
о 
S is a cation, the surface potential will be reduced on raising the 
concentration of S througn screening of the negative charges on 
the menbrane. Therefore, the relation between S and S is not a 
' о 
linear one. Consequently, the relation between ν on S for nembrane 
transport might deviate fror the Micnaelis-Menten equation, if the 
surface potential is affected appreciably, on raising S. 
In this study we have investigated how the presence of a nega­
tive surface charge might affect "the kinetics of ion translocation 
across biological membranes. It m i l be shown m a theoretical 
study that a transport mechanism, even when it has a formal analogy 
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t o an enzyme mechanism of r e a c t i o n , may give r i s e t o a r a t e 
equat ion vhich i s fundamentally d i f fe rent from t h a t derived for 
the equivalent enzyi ic r e a c t i o n (Chapter I I ) . Vie agree n i th the 
ctatement of E d s a l l and Wynan Гзб] t h a t , "any aavance in the 
t h e o r e t i c a l a n a l y s i s of one (system) can be r e a d i l y c a r r i e d over 
t o the o t h e r , provided due account i s taken of the physical 
s igni f icance of the r a t h e n a t i c a l symbols employea". This statement 
іігрііеч t h a t r a t e ecuat ionr for enzymic r e a c t i o n s might be appl ied 
for t h e k m e t i c a l d e s c r i p t i o n of membrane t r a n s p o r t , provided due 
account i s taken of t h e presence of negative charges on the sur­
face of the membrane. The r e s u l t s of the present study show t h a t 
then t y p i c a l r e l a t i o r s are predic ted betrfeen the k i n e t i c c o e f f i ­
c i e n t s of the r e o u l t m g r a t e equation and the c o n c e n t r a t i o n s of 
ions m the bulk aqueous phase which reduce the surface p o t e n t i a l 
appreciably (Chapter I I I ) . Experimental t e s t s of these r e l a t i o n s 
w i l l be presented (Chapters I I I -A/Il). I t w i l l be argued t h a t , 
by accounting in the simplest way for t h e presence of a negative 
surface charge on the membrane sur face, the t h e o r e t i c a l descri]>-
t i o n of membrane t r a n s p o r t i s , m f a c t , consonant with the 
experimental data presented in t h i s s tudy. 
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CHAPTER II 
THE INFLUENCE OP SURFACE CHA.RGE ON THE KINETICS OF 
ION TRANSLOCATION ACROSS BIOLOGICAL HEMBRANES. 

/. theor. Biol. (1976) 57, 313-329 
The Influence of Surface Charge on the Kinetics of 
lon-translocation Across Biological Membranes 
A. P. R. THEUVENET AND G. W. F. H. BORST-PAUWELS 
Department of Chemical Cytology, Faculty of Science, University of 
Nijmegen, Toernooiveld, Nijmegen, The Netherlands 
(Received 16 October 1974, and in revised form 25 March 1975) 
Rate equations have been developed which describe the concentration 
dependence for ion-translocation across charged membranes for those 
cases in which the translocation process can be considered to be formally 
equivalent with an enzymic process of a Michaelis-Menten type. We have 
limited ourselves to those cases in which the ion-translocational step 
through the membrane is electroneutral. In addition it is assumed that 
the sites on the membrane involved in the ion-translocation process can 
not move through the membrane when these sites are not occupied by 
ions. 
It is shown that in general deviations from Michaelis-Menten kinetics 
may be expected. In case of monovalent ion-translocation across oppositely 
charged membranes apparent negative homotrope cooperative effects 
may occur, whereas for ion-translocation across equally charged mem­
branes apparent positive homotrope cooperative effects may be found. 
When the bulk aqueous phase also contains polyvalent ions both types of 
effects may occur both in the case of ion-translocation across oppositely 
charged membranes as well as with ion-translocation across a membrane 
of which the sign of the surface charge is the same as that of the ion 
translocated. 
Under limited conditions, also apparent single Michaelis-Menten 
kinetics may be observed. In these cases, however, the apparent K
m
 general­
ly is no linear function of the concentration of a competing ion. It is shown 
that even when an ion does not bind to the translocation sites the K
m
 is 
affected by increasing concentrations of this ion, a phenomenon which is 
not expected when the membrane is not charged. The effects of divalent 
ions, added to the bulk aqueous phase as 1-1-electrolytes, upon the Κ„ 
are discussed in connection with in literature reported effects of Ca+ + 
upon the rate of uptake of several monovalent ions into plant cells. 
1. Introduction 
Probably, most, if not all, biological membranes have a net negative surface 
charge and consequently give rise to a surface potential of which the value 
depends upon the ionic strength of the surrounding medium (Camejo, 
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Villegas, Barnola & Villegas, 1969; Vos, Kuriyama & Roberts, 1968; 
Van der Kloot & Kita, 1973). According to Boltzmann distribution law 
such a surface potential may create large differences between the concen­
trations of ions in the bulk aqueous phase and at the membrane solution 
interface. 
In studies on ion-translocation across biological membranes one generally 
deduces a kinetic model for the ion-translocation process considered from 
the characteristics of the experimentally determined isotherm, representing 
the rate of translocation as a function of the concentration of the ion in the 
bulk aqueous phase. For a proper description of ion-translocation, however, 
one has to consider the concentration of the ion to be translocated near the 
surface of the membrane instead of the concentration in the bulk aqueous 
phase. The relation between these two concentrations is given by the Boltz­
mann equation [see also under theory equation (2)]. When the surface 
potential is changed on raising the bulk ion concentration, the characteristics 
of the ion-translocation isotherm will be determined not only by the features 
of the translocation process but also by the concentration dependence of the 
surface potential. When the ion-translocation process itself is described by 
Michaelis-Menten kinetics the relation between the rate of translocation 
and the bulk phase concentration will be far more complex as will be shown 
in this article for the special case of monovalent ion-translocation. 
2. Theory 
It is assumed that the ion-translocation process across the cell membrane 
is described by Michaelis-Menten kinetics. The rate equation for transloca­
tion of ion species J ; in the presence of competing ions (sj) is represented 
by equation (1). 
* m
 si, 0 / . ч 
where s^
 0 and Sjt 0 are the concentrations of s¡ and Sj near the surface of 
the membrane respectively. Vm is the maximal rate of translocation, whereas 
tf; and Kj represent the dissociation constants of the carrier complex with 
5; and Sj respectively. It is assumed that equilibrium conditions apply. 
Analogous rate equations are obtained for ion transport mediated by a 
single-site carrier even when this carrier occurs in two different states, 
provided that equilibrium exists between these two states. The meaning 
of the kinetical coefficients ^ and Kj and also of Vm, however, has been 
changed. These coefficients are complex functions of dissociation constants, 
rate constants, cellular ionic composition and the metabolic state of the 
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cells (Borst-Pauwels, 1974). For ion-translocation across uncharged mem­
branes the ion concentrations in the bulk aquaeous phase, 5{ and Sj, equal 
those near the surface of the membrane. However, if the membrane is 
charged the ion concentrations near the membrane surface are functions 
of the surface potential of the membrane (\j/0) according to the Boltzmann 
distribution law (e.g. Muller & Finkelstein, 1972); 
V о = s* exp ( - z
m
 qψojk T) = s
m
 / - (2) 
where q is the absolute value of the charge on the electron and z
m
 is the valency 
of ion s
m
. Τ is the value of the temperature in degrees of Kelvin, к is the 
Boltzmann constant and у is defined by equation (2). For ψ0 < 0, у is 
always greater than one. So, when the membrane is negatively charged, 
s
m.o > sm for cations, whereas when anions are considered the reverse is 
true. As a consequence cations are translocated more rapidly and anions 
more slowly, than when ψ0 = 0. This can be expressed mathematically by 
inserting equation (2) into equation (1) and multiplying both the denominator 
and the nominator by exp (z¡qi]/0lkT). 
'msi ^іи^і ^-js 
Vi
 ~ (Kjf) (1 + .С.5;/'/*,·) + s/ " KM + si 
For z¡ > 0, that means for cations, and realizing that у > I, the terms in 
the nominator of equation (3) decrease as ^o becomes more negative, giving 
rise to an increase in t^ , whereas for Z; < 0 just a decrease in v, will be found. 
Formally K
m
, defined in the second formulation of equation (3), decreases 
for cations and increases for anions. This K
m
, however, is no real constant, 
but depends also upon J (, because у is a function of the concentrations of all 
the ions, both anions and cations, present in the bulk aqueous phase, 
including s¡. This relation of у with the ion concentrations is expressed in 
equation (4) in which equation σ is the surface charge density of the mem­
brane, N is the Avogadro number, ε is the dielectric constant in the double 
layer near the membrane and Φ is related to σ. 
Φ = 2na2lekNT = £ sjy*"-1). (4) 
m 
This equation is a form of the Gouy-Chapman equation (see e.g. Haydon, 
1961). 
Because of the dependency of y upon s¡, under conditions that Zj = Zj 
and only 1-1-electrolytes are present in the bulk aqueous phase, an increase 
in the concentration of the ion to be translocated (jj), and consequently 
also of the accompanying counter-ion, will result in a shift in the value of 
the Km [see equation (3)] to its value when φ0 = 0. This means that as sl 
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increases the K
m
 increases in case of cation-translocation, whereas a decrease 
of the K
m
 will be observed when translocation of an anion is studied. 
We will now deal with the relatively simple case of translocation of a 
monovalent ion sl of concentration sb dissociated from a l-l-electrolyte of 
concentration sh in the presence of only one additional monovalent 
l-l-electrolyte of concentration s}. In this case equation (4) turns to a 
quadratic relation, and y is given explicitly by 
y- ' = 1 + {Ф/2(5( + SJ.)}(1 - ч/1+4(5; + 5,)/Ф), (5) 
where s,- and s} represent ion concentrations of one and the same valency. 
For example, J, represents K+ ion and ÍJ Na+ ion with both as accom-
panying anion CI". In this case summation in equation (4) should be 
carried out over the ionic species, K"1", Na+ with zm = 1, and Cl_ with 
zn = - 1 . As a matter of fact [K+] = л(, [Na+] = s} and [СГ] = j j+j , 
in this case. K
m
 is given by: 
K
m
 = Ki{y-z^sJIKJ). (6) 
The rates of translocation (i;() of a monovalent cation j,- of concentration si 
are computed as a function of ^ for various sets of kinetical constants, of 
Φ and of Sj by means of equation (3) and equation (5). Taking the example 
mentioned above the translocation of K+ is studied from a solution con­
taining KCl and NaCl of concentration j , and s
s
 respectively. 
Figure 1 shows some typical results of these computations represented 
according to the method of Hofstee (1952). For a single Michaelis-Menten 
equation a straight line is obtained according to this way of plotting with a 
slope being equal to — K
m
, whereas the intercept with the ordinate equals 
the maximal rate (KJ. 
»,= ^-=У
п
-К
т
ь^. (7) 
It is seen from Fig. 1 that only under certain conditions a straight line is 
found. This applies e.g. to the case that Φ is zero or that Φ is that high, 
that the termjy-2' in equation (6) approximates zero, thus when the surface 
potential is high, too. In that case the K
m
 will be independent of у and thus 
also independent of J(, provided Kj is not infinitely high, thus when Sj has some 
affinity to the translocation sites. This means in our example provided that 
K+ and Na+ compete for the same transport sites. In this case K
m
 equals 
KiSjIKj. Decreasing Kj (increasing the affinity of Sj to the transport sites) 
will have a similar effect as increasing Ф. The effect of increasing Sj is more 
complex since y~z' will be increased, too, because the surface potential will 
be decreased. Even when the condition у~г' ^ Sj/Kj is not fulfilled, K
m 
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FIG. 1. Isotherms for monovalent cation-translocation across a negatively charged 
membrane, computed according to equation (3) for Zi = z, = +1. 
Curve KiimU) ЛГДтМ) Ф(тМ) s, (mM) 
а 
b 
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45 
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45 
45 
45 
The lowest v/si scale belongs to curve b. 
Vi = 10 mmoles min"'kg-1, ν represents the rate of translocation in mmoles min "Meg" 
and Si the concentration of the ion to be translocated in mM. 
may remain virtually constant on increasing η as long as sl <ξ j,·, because у 
will then not vary significantly on increasing s„ which means that the surface 
potential is not much affected when raising si to concentrations needed to 
saturate the translocation sites. This condition will be favoured when AT, is 
relatively small as is illustrated in Fig. 1 curve b or when Sj is high. When 
the conditions discussed above do not apply, K
m
 will not be constant any 
more, and because the surface potential decreases when Sj is increased, K
m 
increases. This is due to the fact that the quotient of sti 0 and sl decreases 
when the concentration of i | is increased. This results in a concave curve 
of i>( against vjs^ The occurrence of such an isotherm may be easily mis­
interpreted as being due to a so-called dual mechanism, because, as shown 
in the appendix, the relation between t>, and $, is almost similar to the relation 
found for ion-translocation across an uncharged membrane mediated by 
two independent transport processes, which each are described by Michaelis-
Menten kinetics (Hagen & Hopkins, 1955). As a matter of fact the general 
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rate equation for such a type of translocation is given by equation (8). 
"'-C+Ds.+sf' ( 8 ) 
where the unequality А/В+ВС/A < D applies, which also applies to the 
approximated rate equation for monovalent cation-translocation across a 
negatively-charged membrane (see equation A3). 
Figure 2 illustrates the dependence of K
m
 upon the concentration of the 
second cation J,- (Na+ in our example) in the case of a linear relationship 
between u, and f./jj. J, 4, s,- is taken in this calculation, which means that 
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FIG. 2. К
т
 of monovalent cation-translocation across a negatively charged membrane, 
as a function of Si, computed according to equation (6) for Γι = ζ, = +1 in the presence 
of 45 mM of a monovalent 1-1-electrolyte which does not bind to the translocation sites 
K, = 0-1 mM, Φ = 300 mM, K, = 1000 mM. For the meaning of curve a, b and с see 
text. 
a Michaelis-Menten equation applies. K
m
 is calculated according to equa­
tion (6), and making use of equation (5). It is seen that generally no linear 
relationship between K
m
 and Sj exists (curve a), in contradiction with which 
will be found for competitive inhibition when ф0 = 0. This is also evident 
from equation (6) in which у is a complex function of Sj. Curve b refers to 
the case that Sj has no affinity to the translocation sites (AT, = oo), in which 
case K
m
 would be expected to be independent of Sj when the surface potential 
would be zero. K
m
, however, increases still with raising concentrations of Sj 
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giving rise to an apparent competitive inhibition, which in fact is due to 
screening of negative fixed charges on the membrane surface by s,. Curve с 
represents the contribution of the "competitive term" {sJKj) for Kj φ со 
to K
m
, which term as a matter of fact is linearly related to Sj. Summation 
of the curves b and с results in curve a. 
In Fig. 3 the rate of translocation (u,) of a monovalent cation of fixed 
concentration of j , across a negatively-charged membrane is plotted against 
the concentration of a monovalent 1-1-electrolyte, of which the cation has 
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FIG. 3. The relative rate of translocation of a monovalent cation across a negatively 
charged membrane as a function of the concentration of one monovalent cation which has 
no affinity to the translocation sites. 
Kt = 0-5 mM, J, = 005 mM, Φ = 3 mM, ^ = 00. 
When Î , = 0, v/s = 8-61 1 min^Ay-1, taken as 100%. 
When j / = 00, v/s = 0-91 1 min'^kg'1, which equals 10-55% of the control value. See 
also subscript to Fig. 1. 
no affinity to the translocation sites (Kj = 00). The relative rate of trans-
location is computed according to equation (3) and by making use of 
equation (4). It is seen that increasing i, beyond a certain concentration does 
not lead to a further decrease in the rate of translocation of ion ΐ;. This 
phenomenon may be easily misinterpreted to be due to partial non-competi­
tive inhibition, because in that case, too, a further concentration increase of 
one cation does not result in a further reduction in the translocation rate 
of another cation (Bange & Hooymans, 1967). It is, however, due to the 
fact that the surface potential is not decreased significantly any more when 
the concentration of Sj is raised beyond those concentrations for which the 
value of the surface potential approximates zero. 
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We will now discuss the features of the translocation isotherms for mono-
valent anions across negatively-charged membranes, also in the presence 
of only one extra l-l-electrolyte of concentration Sj. For example, the 
translocation of CI - across a negatively-charged membrane is studied from 
a solution containing NaCl and KBr of concentration i, and Sj respectively. 
In this case [Cl~] = s¡, [Br -] = Sj, [Na+] = st and [K+] = Sj. Summing 
over all four ionic species in equation (4) leads to a quadratic relation in 
which y is given explicitly by equation (5). 
Both Zj and Zj in equation (3) are taken equal to —1. Consequently, the 
effects caused by decreasing the surface potential (decreasing y) will be 
just the reverse as in monovalent cation translocation. According to 
equation (6), a high value of y, thus a large surface potential, will just favor 
conditions that Km (the Km for CI "-uptake in our example) depends upon y, 
because y > 1. The chance that apparent Michaelis-Menten kinetics will be 
found only because Km does not depend upon y is very low, especially at 
high values of Φ. In general, K
m
 is much more dependent upon y than in 
case of cation-translocation, and real competitive inhibition by Sj (K} Φ oo) 
(by Br" in the example mentioned) will contribute less to the value of K
m 
than in the case of cation uptake. However, y will not change much on 
raising the concentration of ί{ when ^ < Sj. Under these conditions the 
chance of obtaining a linear relationship in the Hofstee plot is favoured 
by a low value of ΛΓ, (high affinity of Cl~ for the translocation sites) or 
high values of s¡t just as is the case of cation-translocation. 
Figure 4 illustrates the effect of lowering К
ь
 thus increasing the affinity 
of j , to the translocation sites. It is seen that the curve computed at a rela­
tively high value of AT, (curve a) is convex, whereas for a lower value of ЛГ| 
a linear relationship between и, and υ,/ί, is found (curve b). 
Curve с represents the translocation isotherm for the extreme case that 
surface charge density is zero. It is shown in the appendix that the approxi­
mated rate equation (A4) for monovalent anion translocation across a 
negatively-charged membrane is similar to equation (8), only now the 
unequality A/B+BC/A > D applies. According to Borst-Pauwels (1973) 
this means that a convex curve will be found in the Hofstee plot. Even 
when a straight line is found in the Hofstee plot, no simple linear relationship 
between K
m
 and Sj may be expected in this case, too. Increasing the concen­
tration of Sj will lead to a decrease in the surface potential, and by this to 
a decrease in K
m
. It should be noticed that this phenomenon is due to a 
screening effect of the cationic species of the l-l-electrolyte of concen­
trations Sj (K+ ions in our example). On the other hand, competition 
between si and the anionic species of concentration Sj (Br~ in our example) 
will lead to an increase in K
m
, and complex relations between K
m
 and Sj 
ION TRANSLOCATION ACROSS BIOLOGICAL MEMBRANES 321 
10 υ iv: 1 
7 5 -
s. 5 0 -
2 5 - α \ c \ J J 
n l d - I L_ I J 1 ^ I I _ ^ J 
0 0 008 0 016 0 024 0 032 0 0 4 0 0 048 0 056 0 064 
I I I I I I I 1 
0 1 3 5 7 9 II 
vis 
FIG. 4. Isotherms for monovalent anion-translocation across a negatively charged membrane, 
computed according to equation (3) for r, = r, = —1. 
Curve ΛΓ, (mM) AT, (mM) * (mM) s, (mM) 
a 200 45 300 45 
b 01 45 300 45 
с 200 45 0 45 
The lowest v/j( scale belongs to curve (b). See also subscript to Fig. 1. 
may be expected. See for example Fig. 5, in which at low concentrations 
of s¡ Km decreases due to screening by the cations of the extra 1 : 1 salt 
added, whereas at higher concentrations the competitive effects due to 
competition of the anion of the extra salt added and the substrate anions 
for the translocation sites lead to an increase in Km again. When Kj = oo, 
which means that s¡ does not have any affinity to the translocation mechanism, 
the relationship between Km and s¡ is represented by curve b. Curve с repre­
sents the contribution of the "competitive term" (sJKj) for Kj Φ oo to K
m
. 
Curve a is the result of summation of the curves b and с and represents the 
K
m
—Sj relationship for the case that the anionic species of Sj competes 
with Si for the translocation sites and that the cationic species of Sj decreases 
the surface potential. 
We will now discuss the effects of divalent cations upon monovalent 
ion-translocation across a negatively-charged membrane. The potency of 
divalent cations to screen negative surface charges is much greater than of 
monovalent cations (McLaughlin, Szabo & Eisenman, 1971). A study of 
the effects of divalent cations upon monovalent ion-translocation is especially 
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0 200 400 600 800 1000 
FIG. 5. K
m
 of monovalent anion-translocation across a negatively charged membrane as 
a function of sj, computed according to equation (6) for z, = — 1 in the presence of 45 mM 
of a monovalent 1-1-electrolyte which does not bind to the translocation sites. 
K, = 01 mM, Φ = 300 mM, JiT, = 100 mM. 
For the meaning of curves a, b and с see text. 
important in connection with the fact that in both anion and cation uptake 
studies with plant cells frequently Ca+ + salts are added. We have computed 
by means of a digital computer the rate of translocation of cation st, for 
example K+ (added as KCl), by making use of the equations (3) and (4) in 
the presence of one divalent 1-1-electrolyte of concentration sd, for example 
CaS04, and of one additional monovalent l-l-electrolyte of concentration Sj, 
for example NaCl, of which the cation has no affinity to the translocation 
sites (Kj = со). When the divalent cation has affinity to the translocation 
sites its dissociation constant is called Kd. The rate equation is then given by: 
v = ÜLJ " Î_L. ( m 
Ki(y-i+sdy/Ki) + si Km + s; 
When sdIKd is small, that means that either the concentration of the divalent 
cation is low or the affinity of this cation to the translocation sites is low 
or both, and ATj is not too small, qualitatively similar isotherms may be 
expected as are found when only monovalent cations are present. This is 
illustrated in Fig. 6 curves a and b. On the other hand, when the divalent 
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FIG. 6. Isotherms for monovalent cation-translocation across a negatively charged 
membrane for different values of Sd computed according to equation (3). 
Kd = 1 mM, Φ = 300 mM, K, = 200 mM, Jfy = oo, s¡ = 45 mM. 
For curve a-e, з
л
 = 0, 0-005, 0-03, 0-1 and 1 mM respectively. See also subscript to 
Fig. 1. 
cation has a large affinity to the translocation sites or when the concentration 
of sä is very large, the denominator of equation (9) may be decreased when 
j £ is increased in the low concentration range of sl where an increase of J ; 
significantly decreases the value of y. Then the increase in the term 
(K¡y~1+s¡) may be smaller than the decrease in the term (sdy/Kd) when 
s, is increased. This means that the relative rate of translocation (vjsi) 
increases at low increasing concentrations of sh which can be described 
formally by a positive homotrope cooperative effect. This is illustrated in 
Fig. 6, curves d and e. 
The reason for this apparent cooperative effect, which is formally similar 
to that found in allosteric enzymic reactions, is that on decreasing the surface 
potential, when J,- is raised, the concentration of the competitive divalent 
cation (sd) near the membrane surface is decreased relatively much more 
than the concentration of the monovalent substrate cation j ; near the 
membrane surface. 
Therefore the competitive inhibition decreases strongly, which can for-
mally be described by a decrease in Km with increasing j f values, which is 
actually due to the fact that in that concentration range the denominator 
of equation (9) is decreased. At higher values of sl the relative contribution 
of the term (Kly~i+sù to the denominator predominates and the denomi-
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nator is increased causing a second inflection in the translocation isotherm 
as illustrated in Fig. 6, curve с In those cases that the translocation isotherm 
for monovalent cations is represented by an apparent Michaelis-Menten 
relation, for example when /Г( is very small, it can be shown that the Km, just as in the case with monovalent cations only, is a rather complex function 
of the concentration of a divalent cation. This is illustrated in Fig. 7. 
Curve b represents the K
m
—jj relationship for the case that both sd (Ca+ + 
in our example) and Sj (Na+ in our example) do not have any affinity to 
the translocation sites, thus when ^4 = 00 and Kj = 00. In curve с the 
contribution of the competitive inhibition by sd (Kd Φ oo) to Km is shown, 
keeping still Κ} = oo. It can be easily seen from equation (9) that this con­
tribution to the K
m
 also depends upon the surface potential, whereas for 
competing monovalent cations the part of K
m
 depending upon K¡ [see 
equation (6)] is independent of the surface potential. Curve a is the result 
of summation of the curves b and c, and represents the Km—sd relationship for 
the case that the bivalent cation sd both competes with the monovalent sub-
strate cation s¡ for the translocation sites and decreases the surface potential. 
0 25| 1 
if 
FIG. 7. Km of monovalent cation-translocation across a negatively charged membrane as a 
function ofsd, calculated according to the mathematical expression of Km in equation (3). 
Φ = 300 mM, Kt = Ol mM, К,, = 100 т М , X, = œ and s, = 45 mM. 
For the meaning of curves a, b and с see text. 
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3. Discussion 
Ions which affect the magnitude of the surface potential may influence 
the kinetics of ion-translocation dramatically and if we do not take into 
account this effect in the kinetical description of the ion-translocation process 
considered, we may misinterpret our experimental data. It is shown that 
ion-translocation across a charged membrane mediated by a single-site-
translocation mechanism may give rise to the observation of isotherms of 
the type of a dual mechanism (Hagen & Hopkins, 1955), (Fig. 1) or of an 
allosteric type of mechanism (Monod, Wyman & Changeux, 1965), (Fig. 4) 
when the membrane is oppositely charged (for example translocation of 
monovalent cations across a negatively-charged membrane) or when the 
membrane is equally charged respectively, (translocation of monovalent 
anions also across a negatively-charged membrane), provided that the bulk 
aqueous phase only contains monovalent 1-1-electrolytes. Criteria for 
distinguishing between the model described in this article and "real" dual 
mechanism and other transport models also giving rise to the general rate 
equation (8) will be discussed in a subsequent paper (Borst-Pauwels, 1975). 
When also divalent l-l-electrolytes are present both types of isotherms as 
discussed above may come to the fore as shown in Fig. 6 for the case of 
monovalent cation-translocation across a negatively-charged membrane. 
Under certain conditions, e.g. when K, is relatively small, that means when 
the affinity of the substrate ion to the translocation sites is high, the trans­
location isotherms may be represented by a single Michaelis-Menten 
relation (see, for example, Fig. 1 curve b and Fig. 4 curve b). Under these 
conditions, however, the K
m
 is no linear function of the concentration of a 
"competing" ion as can be seen from equation (5) and equation (6). Even 
when this ion does not have affinity to the translocation sites, the K
m
 may 
be influenced by increasing concentrations of a "competing" ion purely 
via its effect upon the magnitude of the surface potential as illustrated in 
Fig. 2 curve b and Fig. 5 curve b for the case of monovalent cation-trans­
location and monovalent anion-translocation respectively, both across a 
negatively-charged membrane. This means that as a matter of fact inhibition 
of, say, К+-uptake by Na+ ions is not necessarily due to competition of 
both cations for the same transport sites, but can occur also, when the 
negative charges on the membrane are screened by the Na+ ions giving 
rise to a decrease in the surface potential, thus also to the concentration of 
K+ near the membrane surface. 
As illustrated in Fig. 7 the K
m
 of monovalent cation-translocation across a 
negatively-charged membrane is also no linear function of the concentration 
of a divalent cation. As a matter of fact, Theuvenet & Borst-Pauwels 
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(1976) recently found that the uptake of Rb + into yeast cells is ap­
parently competitively inhibited by the divalent cations C a + + , S r + + and 
M g + + . However, the K
m
 in these experiments is no linear function of the 
concentration of the "competing" divalent cations C a + + , S r + + and M g + + . 
Reanalysis of data reported in literature (e.g. Hooymans, 1964; Elzam 
& Epstein, 1965; Tadano, Baker & Drake, 1969; Jacobson, Hannapel, 
Moore & Schaedle, 1961; Handley & Overstreet, 1961; Elzam & Hodges, 
1967) on the influence of C a + + on the uptake of several monovalent ions 
by plant cells showed that deviations from linearity as discussed above are 
found, both for monovalent cation uptake and monovalent anion uptake. 
This reveals that among a variety of explanations proposed for the observed 
effects of Ca + + upon the translocations process (e.g. effects upon the perme­
ability properties of the membrane (Viets, 1944) and effects upon the 
accessibility of sites involved in the translocation process (Hooymans, 1964) 
a screening effect as we have described in this article can be added. In Fig. 3 
it is illustrated for monovalent cation-translocation that cation which 
decrease the surface potential and in addition do not bind to the transloca­
tion sites may give rise to a phenomenon which is qualitatively similar to 
partial non-competitive inhibition of monovalent cation translocation across 
an uncharged membrane (see for example Bange & Hooymans, 1967). 
The effectivity by which a translocation process is inhibited or stimulated 
by polyvalent ions increases greatly with the valency of the ion. Provided 
that no binding to the substrate sites occurs it may be even possible to 
calculate approximate values of Φ by comparing the concentrations of ions 
of various valency needed in order to obtain a certain degree of inhibition 
of stimulation and calculating Φ by means of equation (4). However, Φ 
calculated by this method is only correlated to the surface charge density 
of the membrane provided the charges are uniformally distributed over the 
surface of the membrane. Otherwise, with this method Φ values will be 
obtained which only depend upon surface charges concentrated in regions 
of the membrane adjacent to the sites of the translocation system. 
It is obvious, that because of surface potential complications, one can 
easily get trapped into thinking that the number or kind of transport-
system(s) is more complicated than in reality. These complications can be 
avoided by keeping the surface potential constant and therefore also the 
value of y as the concentration of the translocated ion changes. This can be 
done by substitution of another non-competing 1-1-electrolyte in such a 
way that the total concentration of monovalent ions in the medium remains 
constant. When the ion-translocation process itself is of the Michaelis-Menten 
type, under these experimental conditions, no deviations from Michaelis-
Menten kinetics are expected. However, the kinetica! constants evaluated 
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form such an isotherm are still a function of the surface potential when 
Φο * 0 . 
It should be noticed that the theory presented in this article is over­
simplified and contains several assumptions which will be valid only as a 
first approximation. However, McLaughlin, Szabo & Eisenman (1971) 
discussed that the assumptions inherent in the derivations of equation (4) 
will introduce errors which tend to cancel one another out. They found a 
good applicability of the "Double Layer Theory" to phospholipid bilayers 
and they suggested that this theory may be applied to biological membranes, 
too. In addition the rate equations derived in this article only apply to ion-
translocation in which the translocation step through the membrane is 
electro-neutral and the sites of the translocation mechanism when not 
occupied by ions can not move through the membrane. For example, these 
rate equations do not apply to ion-translocation mediated by carriers of the 
valinomycine type. 
Appendix A 
For the limiting case that ψ0 < —IkTjq, equation (4) is reduced to 
Φ = Σ^0ζ'"-2)/2. (Al) 
m 
When only monovalent l-l-electrolytes are present in the bulk aqueous 
phase y is given by, 
' - { 2 № ) + φ } / № ) о* 
where st and s} represent ion concentrations of one and the same valency. 
Elimination of у from equation (3) for z, = zj = + l leads to 
ν = 
{i[*+1fr)}'-+y·* 
ί ί ' ( Σ «,ο +«№) + 2 Σ Σ ν./*,)} + 
^ ^ + £5,(і+к,/к,)}5.+*? 
As
 +Bsì 
C + Ds^sf' ( ; 
which represents the approximated rate equation for monovalent cation-
translocation in the presence of only monovalent l-l-electrolytes. 
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Elimination of y from equation (3) for z, = Zj = — 1 gives rise to 
^(.Σ>7·)*+^<2 
V: = 
(A4) 
' κ,ίΦ+ιΣ^ + Σ Σ ν,/χΛ + (2K, + Zsj+K,ZsjlKj)s¡+i 
ASi + Bjsf 
~ C+Dsi+sf' 
The coefficients Α-D are independent of the concentration of s, but may still 
depend upon the concentration of other ions. It can be shown that the 
unequality A/B+BC/A < D applies for all possible values of Sj or sk or 
of the kinetical constants and Φ for equation (A3), whereas the reverse is 
true for equation (A4). 
Computer computations have been shown, that especially equation (A3) 
is a very good approximation, and that the values of г( in Fig. 1 do not 
deviate more than 3 % from those calculated by means of equation (A3). 
These deviations in the case of monovalent anion-translocation, however, 
are larger amounting to about 10% for the data represented in Fig. 4. 
List of Symbols 
к Boltzmann constant (1-38 χ I O " 1 6 erg/deg). 
K¡, Kj, К,, Dissociation constant of the carrier complex with ion s¡, Sj and 
sd respectively (mM). 
sm Concentration of ion s„ in the bulk aqueous phase (mM) 
m = d,.. .,i,j,.. .,k,m,n. 
zm Valency of ion sm. 
s
m, о Concentration of ion s
m
 near the surface of the membrane. 
Si Ion transported of concentration s¡, dissociated from a 1-1-elec-
trolyte of concentration J, (mM) of which the translocation 
rate v¡ is studied. 
Sj, sk Interfering ions of one and the same valency as ion s¡, dissociated 
from 1-1-electrolytes of concentration Sj and sk respectively 
(mM). 
j j Interfering divalent ion of concentration j , , with zd = 2zt, 
dissociated from a 1-1-electrolyte of concentration sä (mM). 
Km, Vn Michaelis-Menten constant and maximal rate of translocation 
(mM and mmolesmin-1 kg - 1 respectively). 
N Avogadro number (6-023 χ IO23 mole-1). 
q Value of one electronic charge (4-802 χ 10"1 0 esu). 
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y Defined by equation (2) y = exp (—qil/0[kT). 
ε Dielectric constant in the double layer near the membrane. 
σ Surface charge density (esu/cm2). 
^ 0 Surface potential (mV). 
Φ Function of the surface charge density defined by equation (4) 
(mM). 
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SUMMARY 
(1) The effect of surface charge upon the kinetics of monovalent cation trans-
location via a two-site mechanisrn is investigated theroretically. 
(2) According to the model dealt with, typical relations are expected for the 
dependence of the kinetic parameters of the translocation process upon the concen-
tration of a polyvalent cation, differing essentially from those derived for the case 
in which the membrane carries no excess charge. 
(3) Even when a polyvalent cation does not compete with the substrate 
cation for binding to the translocation sites, apparently competitive inhibition may 
occur when the membrane is negatively charged. 
(4) The model is tested experimentally by studying the effects of the poly-
valent cations Mg2 + , Sr2+, Ca2 + , Ba2+ and Al3+ upon Rb+ uptake into yeast 
cells at pH 4.5. A good applicability is found. 
(5) Equimolar concentrations of polyvalent cations reduce the rate of the 
Rb+ uptake into yeast cells in the order Mg2+ < Sr2+ < Ca2+ < Ba2+ < Al3 + . 
(6) The conclusion is reached that the reduction in the rate of Rb+ uptake 
caused by the polyvalent cations applied results mainly from screening of the nega-
tive fixed charges on the membrane surface and binding to these negative sites rather 
than competition with Rb+ for the transport sites. 
(7) The results of our investigation indicate that the affinity of the alkaline-
earth cations for the negative fixed charges on the surface of the yeast cell membrane 
increases in the order Mg2+ < Sr2+ < Ca2 + < Ba2 + 
(8) Probably mainly phosphoryl groups determine the net charge on the mem-
brane of the yeast cell at a medium pH of 4.5. 
INTRODUCTION 
Theuvenet and Borst-Pauwels [I ] showed that the kinetic parameters deter-
mining monovalent cation translocation across a biological membrane may be af-
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fected by variations in the surface potential of the membrane. The effect of variations 
in the surface potential upon the kinetic parameters may be investigated by studying 
the kinetics of the translocation process in the presence of increasing concentrations 
of a polyvalent cation. 
In the present article it will be shown that essentially different relations between 
the kinetic parameters determining monovalent cation translocation mediated by a 
two-site mechanism and the concentration of a polyvalent cation may be expected 
for ion translocation across an uncharged membrane and for ion translocation across 
a membrane bearing negative fixed charges. 
We have examined whether the relations derived for monovalent cation trans­
location across a negatively charged membrane can be applied to the description 
of the effects of polyvalent cations upon Rb + uptake into yeast cells, as this translo­
cation process is described by a two-site transport model [2-5]. In addition we have 
tried to elucidate what type of charged groupe on the surface of the yeast cell might 
be responsible for the surface charge density of the membrane. 
THEORY 
The rate equation for solute transport mediated by a two-site mechanism 
(see Borst-Pauwels [6]) has the mathematical form 
C . + D . ^ + J? 
where s-, represents the concentration in the medium of the substrate solute, denoted 
by Si, and Vi is the rate of transport. The coefficients Α,-D, are independent of J¡ but 
depend on the concentration in the medium of other solutes that have an affinity 
for the transport sites. 
We will now consider the case of monovalent cation transport across a biolog-
ical membrane from a solution also containing other monovalent cations (ÍJ, sk) 
and one polyvalent cation sp of valency zp. The rate equation will be derived for 
two limiting cases: (I) the membrane carries no excess charge; (II) the membrane 
carries an excess negative charge. The restriction will be made that the values of the 
rate constants for transfer of the substrate cation through the membrane are inde-
pendent of variations in the surface potential. 
Case I 
The rate equation can be derived directly from Eqn. Al (see appendix), 
taking Si о = s,, jj
 0 = Sj, sk0 -•= sk and J P I 0 = J P in that equation, as, according to 
the Boltzmann distribution law (see Eqn. 6), the concentration of an ion near the 
membrane surface is equal to its concentration in the medium when the surface 
potential is zero. The relationships between the kinetic parameters (Ai-DJ and the 
concentration of a polyvalent cation sp are represented by: 
A i = a i j 0 + a i j P s p (2) 
Bi = Vl (3) 
Ci =yi,o + y¡,pSp + ri.ppSp (4) 
Di = ói.o + ö l i Psp (5) 
Note that the coefficients otj
 p, y,,,, y¡jPp and δ
ίρ
 are only non-zero when J p has affinity 
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for the transport sites. In such a case, competitive inhibition of monovalent cation 
transport will be observed. The maximal rate of transport V, ( = B,) is independent 
of J P . 
Case Π 
In this case, the ion concentrations near the membrane surface are not equal 
to the corresponding ones in the medium. In order to obtain a mathematical expres­
sion for the rate of translocation as an explicit function of the ion concentrations in 
the medium alone, we have to know the relationship between the concentration of an 
ion near the surface of the membrane and its concentration in the medium. This 
relationship is given by the Boltzmann equation [7]. 
s„, о = s
n
 exp ( - z
n
 qWoikT) = s
n
 ƒ " (6) 
where q is the absolute value of the charge on the electron and z
n
 is the valency of ion 
s
n
, ipois the surface potential, Τ is the value of the temperature in degrees of Kelvin, 
к is the Boltzmann constant and у is defined by Eqn. 6. According to the Gouy-
Chapman equation (see, for example, Haydon [8]) this factor y, which is related to 
^ 0 , is a function of the concentrations of both anions and cations present in the 
medium, including st: 
Φ = 2 π
σ
2 / ε Μ Γ = Σ α / " - 1 ) - Σ *» У + *
Ρ
 У* (7) 
η m 
where the subscript m and ρ refer to monovalent and polyvalent cations, respectively. 
The approximated form applies when y » 1, because then the terms containing anion 
concentrations may be neglected. In this equation N is the Avogadro number, ε is 
the dielectric constant in the double layer near the membrane and Φ is related to σ, 
the surface charge density of the membrane In the case that the concentrations of 
the monovalent cations are relatively low we may neglect the first term in the approxi­
mated form, as well. The surface potential may then be represented by the Gouy-
Chapman expression for the polyvalent cation alone. By combining this reduced 
Gouy-Chapman equation with the Boltzmann equation (Eqn. 6) we obtain: 
*P.O = Φ (») 
If binding of the polyvalent cation to the fixed charges occurs, Φ becomes dependent 
of the type of the polyvalent cation, and Eqn 8 turns into 
V o = Φ
Ρ
 (9) 
Φρ ( < Φ) is lower at higher binding affinities of the polyvalent cation. As has been 
argued by McLaughlin et al. [9], for a limited range of concentration of ip, that its 
concentration near the membrane surface and the surface charge density of the mem­
brane are independent of the concentration of sp in the medium. 
On eliminating J 1 I 0 , sl0, sk0 and sp0 m Eqn. Ai by means of Eqns.6 and 9 
and dividing both the nominator and the denominator of the rate equation by y2 
a similar relation to Eqn. 1 is obtained, with: 
л = «:.o+«:.ps¿"p (io) 
В, = V, (11) 
ct = y[.o+y:.psi's'+y:.„'p"' ('2) 
o, = ¿:.o+o; / rp (|J) 
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These relationships differ essentially from those derived for the case in which the 
membrane carries no excess of charge (Eqns 2-5). From Eqns Al and 10-13 it can 
be derived that the quotients γ]
 ν
Ιδ1 >p and y1,pJ>/y1 ρδιρ will be independent of the type of 
polyvalent cation of the same valency when the affinities of these cations to the trans­
port sites are relatively low In such a case coefficient γ',
 p p may be used as a measure 
for the affinity of a polyvalent cation to the fixed charges on the membrane It should 
be noticed that, even when the polyvalent cation does not compete with the sub­
strate cation for binding to the transport sites, apparently competitive inhibition 
may occur. 
METHODS 
Yeast, Saccharomyces cerevisiae Delft 2, was starved under aeration for 12 h 
and washed three times with distilled water. After starvation the cells (2 % w/v) 
were preincubated in 45 mM Tns/succinate buffer (pH 4 5) provided with 3 % (w/w) 
glucose at 25 0 C Nj was bubbled through the suspension After 1 h a solution of 
8 6RbCl with or without appropriate concentrations of a polyvalent cation and Rb + 
(applied as chloride salts) was added to the yeast suspension The uptake of Rb + was 
studied according to Borst-Pauwels et al [5] However, in the experiments described 
in the present article nine successive 1 8 ml samples of the yeast suspension were taken 
during a 1-min incubation period instead of a 5-min incubation period after the addi­
tion of the salts In addition washing of the yeast was carried out with 50 mM in­
stead of 20 mM ice-cold MgC^ solution In a parallel experiment 1 mm after the 
addition of the polyvalent cations without 8 6 Rb + , aliquots of the incubated yeast 
suspension were centnfuged and the concentrations of K+ and Na + m the supernatant 
determined by flame photometry Corrections for the contribution of the polyvalent 
cations to the emission at 769 nm, at which K + was determined, were made The 
pH of the supernatant was also determined 
RESULTS 
We have determined initial rates of Rb + uptake at various Rb + concentrations 
ranging from carrier-free Rb + (less than 10" 3 mM) to 10 mM Rb + , in the presence 
or absence of polyvalent cations at pH 4 5 The polyvalent cations were added together 
with the Rb + to the yeast suspension In most cases a linear relationship between 
the amount of Rb + absorbed and the incubation time with radioactive Rb + was found. 
Only at concentrations of Rb + higher than 7 mM was a slightly bent curve observed 
In these cases initial rates of uptake were obtained by drawing a tangent to the up­
take curves at zero time The concentration dependence of the uptake rates is rep­
resented graphically according to Hofstee [10] These plots give a better distribu­
tion of the experimental data obtained at the various Rb + concentrations than the 
more generally applied Lineweaver-Burk plots [11] In case the translocation process is 
described by Michaehs-Menten kinetics a straight line will be found in the Hofstee 
plot according to Eqn 14. 
= V-Kjvjs) (14) 
749 
Fig 1. Effect of Mg 2 + upon the concentration dependence ofthe Rb* uptake rate at pH 4 5 The 
initial rate of Rb + uptake is plotted against the quotient of this rate and the Rb+ concentration. The 
rate of uptake is expressed in mmol mm" 1 · k g - 1 dry weight of yeast ( · ) Control; (A) m the 
presence of 5 mM MgC^; ( Δ ) 25 mM MgCU; (U) 100 mM MgC^ Each point represents the mean 
value of triplicates. 
In the case of a two-site transport mechanism non linear curves will be ob­
tained [6, 10]. 
Fig. 1 shows the effect of various concentrations of Mg 2 + upon the kinetics 
of Rb + uptake at pH 4.5. It can be seen that the curves are convex, as found earlier 
[4]. These curves represent an apparent positive homotrope cooperative phenomenon 
[5]. On plotting the rate of uptake against the substrate cation concentration a sig-
moidal curve will be found in such a case. Apparently, the Rb + uptake is inhibited 
competitively by Mg2 + . The maximal rate of the Rb + uptake (intercept with the 
ordinate in the Hofstee plot) and the shape of the isotherm are not affected when 
the concentration of Mg 2 4 is raised Mg 2 + decreases the rate of Rb+ uptake at all 
Rb+ concentrations applied, though to a lesser extent at higher concentrations. 
Similar results were obtained with Ba 2 +, Sr 2 + and Ca2 + . Equimolar concentrations 
of these cations inhibited the translocation of Rb + across the yeast cell membrane 
somewhat more than did Mg 2 + (Mg 2 + < Sr 2 + < C a 2 + < Ba24~). 
According to McLaughlin et al. [9] the screening ability of a polyvalent cation 
increases greatly with the valency of the cation, giving rise to a greater decrease in 
the surface potential and thus to a greater reduction in the concentration ofthe sub­
strate cation near the surface of the membrane. Therefore, a much stronger decrease 
in the Rb+ uptake rate on addition of a trivalent cation may be expected than is 
found with equimolar concentrations of divalent cations, provided that the observed 
inhibitions are caused mainly by a screening phenomenon. Fig. 2 shows the effect 
of the trivalent cation Al 3 + upon the kinetics ofthe Rb+ uptake at pH 4.5. It can 
be seen that the effect of this trivalent cation is formally similar to that found with 
the divalent cations. However, the potency of this cation to inhibit the Rb+ uptake is 
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Fig. 2. Effect of A l 3 + upon the concentration dependence of the Rb+ uptake rate at pH 4.5. ( # ) 
Control; (¡J) 0.1 mM AICI3; ( Δ ) 1 mM AICI3. See also legend to Fig. 1. 
50-100 times greater than those of divalent cations. The possibility that this is due 
to an increase in the concentrations of K + and Na + in the medium or to a decrease 
in the pH of the medium has been ruled out. The Rb + uptake may also be inhibited 
seriously by monovalent cations [2, 3, 5]. 
As pointed out by Borst-Pauwels [6], the rate equation for Rb + uptake into 
yeast cells is of the form of Eqn. 1. With a curve-fitting program and the use of a 
digital computer we have computed the coefficients А,, В„ С| and £>¡ of this rate 
equation, describing the isotherms of the Rb+ uptake in the absence and presence 
of the various polyvalent cations. Coefficient Bj, representing the maximal rate of 
uptake, appeared to be independent of the polyvalent cation concentration, and 
20 UO 60 BO 100 
concentration of Mg**|mM) 
Fig. 3. Effect of Mg2 + upon the value of coefficient D¡ of the rate equation (Eqn. 1) describing the 
Rb+ uptake into yeast cells at pH 4.5. See also legend to Fig. 1. 
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Fig 4. The effects of Mg2 + O.ST2* (A), Ca 2 + (Д^Ва2 4- ( a ) a n d A l 3 + (O) upon the value of 
coefficient D[ of rate Eqn. 1. The value of Di is plotted against the z
v
-lh root of the polyvalent cation 
concentration. See also legend to Fig. 1. 
was on the average 17 mmol • m m - 1 · k g ' 1 on a dry weight basis. It appeared that 
the coefficient A, is also virtually independent of the polyvalent cation concentration. 
The mean value of coefficient A, is 0.54. On the other hand, the values of the coeffi­
cients C, and £>, are increased when the polyvalent cation concentration is raised. 
When the yeast cell membrane is uncharged a linear relationship is expected between 
coefficient D, and the concentration of a polyvalent cation. Fig. 3 clearly shows that, 
experimentally, a bent curve is obtained when the effect of the divalent cation Mg 2 + 
is considered. This is also found with the other polyvalent cations applied. However, 
as shown in Fig. 4, linear relationships are found when coefficient Dl is plotted against 
the zp-th root of the concentration of a polyvalent cation sp of valency zp. It is seen 
C,-Y 
Fig. 5. The effects of Mg2 + ( · ) , 8 Γ 2 + (A),Ca 2 + (A)and Ba2+ (•) upon the value of coefficient Q 
of rate Eqn. 1. The experimental data are represented according to Eqn. IS. See also legend to Fig. 1. 
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Fig. 6. Effect of Al3 + upon the value of coefficient Ci of rate Eqn. 1. See also legends to Figs. I and 
5. 
that the slope of the straight lines (denoted coefficient (5'irP) depends upon the kind of 
polyvalent cation, increasing in the order Mg 2 + < Sr 2 + < C a 2 + < Ba 2 + < Al3 + . 
As shown previously these "zp-th root relations" are expected only when the yeast 
cell membrane is negatively charged and the surface potential is relatively high. Under 
these conditions the relationship between coefficient C¡ and the concentration of a 
polyvalent cation ip of valency zp may be represented by Eqn. 12. This equation 
can be transformed into 
Сі-УІ.о 
= y;,p+y.' PPSP (15) 
On plotting the left-hand term of Eqn. 15 against Sp' /zp a straight line may be expected 
in such a case. The intercept of this line with the ordinate equals the value of coeffi­
cient у'¡ ;P, whereas the slope of this line equals the value of coefficient y'¡,Pp. As a matter 
of fact, the experimental data lie approximately on straight lines (see Figs. 5 and 
6). The values of the coefficients y'irP, y'I>pp and ó'1>p for the various polyvalent cations 
applied, evaluated from the data in Figs. 4, 5 and 6, are given in Table I. The values 
of these coefficients increase in the order Mg2+ < Sr2+ < Ca2+ < Ba2+ < Al3 + . 
TABLE I 
VALUES OF THE COEFFICIENTS γ\,„ / i . p p AND ή'ι,ρ FOR THE VARIOUS POLYVALENT 
CATIONS APPLIED 
The values of the coefficients are calculated from the data in Figs. 4-6. 
Polyvalent cation 
Mg I + 
Sr2 + 
Ca2-1 
Ba2 + 
Al3 + 
/ . . P 
0.021 
0.033 
0.043 
0.060 
0.20 
y'l.PP 
0.0023 
0.0039 
0.0067 
0.0160 
0.169 
ΑΊ, 
0.19 
0.24 
0.46 
0.58 
2.0 
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DISCUSSION 
The relations for the kinetic parameters determining Rb+ uptake into yeast 
cells with the concentration of a polyvalent cation found agree well with those 
theoretically derived for ion translocation mediated by a two-site mechanism across 
a negatively charged membrane and the case in which the translocational steps 
through the membrane are not affected by variations in the surface potential. The 
coefficients A, and B, are independent of the concentration of a polyvalent cation 
applied, whereas D¡ is linearly related to the zp-th root ofthat concentration and C, 
is a quadratic relation of that root. In the context of our theoretical considerations 
these findings indicate that, under our experimental conditions, the yeast cell mem-
brane is negatively charged and the surface potential is relatively high, at least in the 
micro-environment of the sites of the translocation mechanism. 
According to the model, linear relations may be expected between the coeffi-
cients 7',
 p and ό'1ιΡ, and also between у ' 1 р р and the product of γ'ιρ and <5'1>p, when 
the affinity of the polyvalent cations to the translocation sites is relatively low. As 
a matter of fact, to a good approximation, linear relationships are found (see Figs. 
7 and 8), indicating that the affinity of the polyvalent cations applied to the translo­
cation sites is relatively low. The conclusion is reached that the reduction in the rate 
of Rb + uptake by the polyvalent cations is due mainly to screening of the negative 
fixed charges on the surface of the yeast cell membrane and to binding of the poly­
valent cations to the negative sites, rather than to competition with Rb + for the trans­
location sites. For a series of polyvalent cations of the same valency coefficient 
/ 1 > p p is proportional to the affinity of a polyvalent cation for the negative sites. 
For the alkaline-earth cations this affinity increases in the order Mg 2 + < Sr2 + 
< C a 2 + < Ba 2 + at pH 4.5. This is partially in agreement with the results of the study 
of Rothstein and Hayes [12] on the cation-binding properties of the yeast cell sur­
face at pH 5. They also found that the affinity of Ba2 + is the greatest. However, 
little difference between Mg2 + , Sr 2 + and C a 2 + was observed. This discrepancy 
with our results might be due to the difference in the pH of the medium. It is well 
Vi pi 
ozo - > ^ 
012 · 
QOt- ь ^ * 
U 0 12 16 Z0 6\p 
Fig. 7. A p lot o f coefficient y'i.p against coefficient <5'i
r
p for the various polyvalent cat ions. T h e va lues 
of the coefficients are calculated from the data in Figs. 4-6. ( · ) Mg2 + , (A) Sr2+, (Δ) Ca2+, (•> 
Ba2+ and (O) Al3 + . 
754 
0
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0Vi.P 
Fig 8 A plot of coefficient y'i.pp against the product of the coefficient y't, 
polyvalent cations See also legend to Fig 7. 
, and <5'i „ for the various 
established both theoretically and experimentally in artificial systems (see the de-
tailed review by Diamond and Wright [13]) that, when alkaline-earth cations ge-
nuinely bind to a negatively charged surface, the selectivity pattern shifts with varia-
tion of the pH, giving rise to a nonselective situation at a certain pH value (see, for 
example. D'Arrigo [14, 15]). We are now examining the effect of the pH upon the 
selectivity pattern for the potency of the alkaline-earth cations in reducing the rate 
of the Rb+ uptake into yeast cells. The selectivity sequence we have found at pH 4.5 
corresponds to sequence II described by Sherry [16]. A similar sequence is found 
experimentally for binding of alkaline-earth cations to the phosphate colloid nucleate 
[17]. It could be speculated, therefore, that phosphoryl groups determine the net 
charge on the membrane surface of the yeast cell at pH 4.5. This is supported by 
recent findings that the isoelectric point of plasma membrane vesicles isolated from 
the yeast is below pH 3 [18]. 
Our present study shows that one should be very careful in interpreting effects 
of polyvalent cations upon monovalent cation uptake in terms of competitive in-
hibition. Analogous effects may be obtained when the surface potential is affected. 
We are aware that changes in membrane permeability introduced by polyvalent 
cations (see, for example, Viets [19]) may also occur. However, in such a case changes 
in the maximal rate of uptake should be expected [20]. As may be judged from the 
independence of coeificient Ä, from the concentrations of the polyvalent cations 
applied, there are no indications that these polyvalent cations affect the K+ (Rb + ) 
permeability of the yeast cell membrane. 
The agreement of our experimental results with the theory presented in the 
present report is perhaps surprising, in view of the many assumptions inherent in the 
derivation of the Gouy-Chapman equation and the rate equation. However, as 
discussed by several investigators (e.g. Haydon [21], Davies and Rideal [22] and 
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Barlow [23]), the simple double-layer theory should be applicable to most surfaces, 
As a matter of fact McLaughlin et al. [9] found a good applicability of the "double-
layer theory" to phospholipid bilayers and they suggested that this theory might be 
applied to biological membranes as well. 
APPENDIX 
As pointed out by Theuvenet and Borst-Pauwels [1], the rate equation for 
an enzymic process may be used to describe an ion translocation process across a 
biological membrane, provided that the concentrations in the rate equation are 
replaced by those near the surface of the membrane. These concentrations may 
differ from those in the medium when the membrane bears a charge. The rate equa­
tion for ion translocation mediated by a two-site mechanism can be derived from 
Eqn. 12 in the article of Borst-Pauwels [6] on replacing the notations for the ion 
concentrations in the medium by those for the ion concentrations near the membrane 
surface. For the case of monovalent cation translocation across a biological membrane 
from a solution also containing other monovalent cations (sj,sk) and one polyvalent 
cation (sp) summation over j in Eqn. 12 in the article of Borst-Pauwels [6] has to 
include p. Then this rate equation becomes 
•Ai,oS,,o + Blt0sli0 
^ I , 0 + - D | , 0 S I , O + S I , 0 
М^>+т^)}Ь-+^·/ 
к
н
к:{і+ Σ ^ 0 ( ΐ / ^ + ι , κ ; ) + Σ Σ s ^ r 
sp,0 (\¡KP+IIK'P+ Σ -J**-, + Σ - ^ ) + j2p'0-}' 
\ ιΦι,ρ KPJKp іс*і,рХк рКк/ Kppkpl-
+ \Κ„ + Κ[,+ Σ »LO (£-' + £ ' ) +Vo ( ^ + -fí'íl s^o + sU) (Al) 
L 1*1. Ρ хл^ Aj,/ ^л
і р
 Λρ,/ϋ ) 
In this equation, the symbols A'with appropriate subscripts are the equilibrium 
constants for the complexes of the transport mechanism with the various cations 
present near the surface of the membrane. The prime denotes that equilibrium applies 
to binding of a cation to the "left" side of the mechanism; when no prime is present 
then the equilibrium applies to binding of a cation to the "right" side of the mecha­
nism. By this the two sites of the mechanism are formally distinguished from each 
other. The symbols b with appropriate subscripts are the rates of translocation relative 
to the rate of translocation via the complex in which both sites of the mechanism 
are occupied by S). The rate of translocation at infinitely high concentrations of s, 
is represented by V,. The additional subscript 0 assigned to the notations for the 
¡on concentrations refers to the ion concentrations near the membrane surface. 
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Summary 
1. The effects of the polyvalent cations \502
г+
 and L a 3 + upon the kinetics 
of the R b + uptake into yeast cells is investigated experimentally. In 
addition the effect of Mg2+ upon the phosphate uptake is examined. 
2. U 0 2
2
~ and L a 3 + inhibit the R b + uptake apparently competitively. 
3. The phosphate uptake is enhanced by relatively low concentrations 
of Mg 2 +. Higher concentrations of Mg2+ inhibit the phosphate uptake 
apparently competitively. 
4. I t is argued that the reduction in the rate of the R b + uptake by Х50
г
г+ 
and La 3+ is originated by a reduction in the surface potential by 
these polyvalent cations, rather than by binding of the polyvalent 
cations to the transport sites. This may also apply to the enhance­
ment of the phosphate uptake by Mg 2 + . 
5. The ability of υ θ 2
2 +
 to reduce the rate of the R b + uptake is on the 
average two orders of magnitude greater than that of the alkaline 
earth cations (THEUVENET and B O R S T - P A U W E L S ^ . This agrees well 
with our earlier conclusion that mainly phosphoryl groups determine 
the net charge on the membrane surface of the yeast cell at a medium 
p H of 4.5. 
Introduction 
Various biological ion-transport processes may be described kinetic-
ally by a two-site transport тесЬапіып. 2 - 7 The rate equation for 
ion-translocation via such a mechanism has the general mathematical 
form: β · * 
_ Aj a + Bi с? 
V i
- Ci + Did + с? W 
* Presented at the 3rd International Symposium on Bioelectrochemistry, Jülich 
27-31 October 1975. 
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For the dimensions of the symbols used in equation (1), see 
footnote *. The kinetic coefficients A¡ D¡ are independent of the con-
centration Ci of the ion translocated, but A¡, C¡ and D¡ still depend upon 
the concentrations of other ions also present in the bulk aqueous phase. 
Coefficient if,·, representing the rate of translocation at inimité concen-
ti aticn of c,- is independent from the concentration of other ions. The 
relations between the coefficients Л,·, С, and D¡ and the concentration 
of one particular ion Cp, which has an affinity to the translocation sites, 
are given by : 
Ai = α,-,ο + Лі,рС
р
 (2) 
Ci •= γ,,ο + yi,pCp -Ь Yi.ppc2p (З) 
Di = S¿,0 + ^рСр (4) 
The coefficients α,·,0, γ,,0, 8li0 and γ,,ρ are functions of the kinetic constants 
of the transport mechanism and of the concentrations of ions — other 
than d and cp — , which have also an p.ffinity to the translocation sites. 
The coefficients α,,ρ, Y¡IW, and S;>(, are independent from these ion con-
centrations.8 
In the derivation of equations (1-4) it has not been accounted for 
that usually biological membranes carry an excess of negative charge 
(e.g. VAN DKR KLOOT and KITA10), which may influence significantly the 
ion translocation process.11 We recently examined theoretically the 
effects of variations in the surface potential upon the kinetics of mono-
valent ion translocation mediated by a single-site and by a two -site 
mechanism as well. Generally, inhibition of cation translocation and 
enhancement of anion translocation is expected when the surface potential 
is reduced. ^ 1 2 The effects of polyvalent cations upon the kinetics of 
monovalent cation translocation, via competition with the substrate 
cation for binding to the translocation sites, via screening the negative 
fixed cha-ges and via binding the negative sites were considered theoret-
ically. It appeared that under limited conditions the rate equation for 
monovalent cation translocation across a negatively charged membrane, 
mediated by a two-site mechanism is of the same mathematical form as 
equation (1). However, due to Double-Layer Effects the relationships 
between the kinetic coefficients of c,·, denoted in that case by Л',-, C',· 
and D'i and the concentration of a polyvalent cation Cp of valency zp are 
essentially different from those derived for a case in which the membrane 
carries no excess of charge. In the latter case, the coefficients Ai and Z)¡ 
are linearly related to the concentration c,· whereas the coefficient C,· 
is a quadratic relation of that concentration [see equations (2-4)]. The 
* Vi (mmoles min-1 kg 1), Ai (mmolcs2 min 1 kg 1 1 !), B¡ (mmoles min 
k g - 1 ) , C¡ (mmoles2 I - 2 ) , £),• (mmoles 1—1), e; (mmolcs 1—1). 
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coefficient B„ m case of ion translocation across a negatively charged 
membrane denoted by B',, is independent from the concentration Cp It 
should be noticed that the coefficient ΒΊ is independent from the con­
centration Cp, provided that the rate constants for transfer of the substrate 
cation through the membrane are independent of the surface potential 
For a negatively charged membrane, in a limited concentration range of 
Cp the following relationships are expected for the kinetic coefficients 
A',. C', and D',: 
A'. = a',,0 + α',,ρ c//*, (5) 
С'. = γ',,ο + γ'.,
Ρ
 СрЧ'Р +
 Т
',,
р р
 Ср^Р (6) 
restating equation (6) leads to equation (7) 
D't = δ'ί,ο + δ',,ρ Ср ^ (8) 
The prime denotes that the coefficients refer to the case in which 
the membrane is negatively charged The coefficients α', γ ' and δ' with 
proper subscript are independent fiom the concentration Cp, but may 
depend upon the concentrations of other ions also present in the bulk 
aqueous phase, even when these ions have no affinity to the transloca­
tion sites For a detailed consideration of these coefficients we refer to 
T H E U V F N E T and BORST-PAXWJ LS 1 
When polyvalent cations of the same valency have no appreciable 
affinity to the translocation sites, differences in potencies m reducing the 
rate of translocation of the substiate cation may be traced to differences 
m affinity of these cations to the negative fixed charges on the membrane 
surface In such a case the quotients γΊ,ρ/δ',ρ and γΊρρ/γΊρ δΊ,ρ will 
be independent from the type of polyvalent cation and coefficient γ',ρρ 
may be used as a measure for the affinity of the polyvalent cation to the 
negative fixed charges Then linear relationships are expected on plotting 
γ',,ρ against δ',,ρ, and γ',ρρ against the product of γ',,ρ and δ',,ρ for the 
various polyvalent cations applied. A selectivity sequence may be con­
structed, which may be helpful in the elucidation of the kind of groups 
determining the surface charge density of the membrane As a matter of 
fact, T H I UVENET and BORST-PAUVVFLS 1 reported recently that the 
Rb+-uptake into yeast cells at p H 4 5 is inhibited by the alkaline eaith 
cations, the inhibition being increased in the order Mg 2 + < Sr2+ < 
Ca2"1- < B a 2 + I t was suggested that the cell surface groups in question 
are phosphoryl groups (see also ROTHSTEIN and MLILR, 1 3 ROTHSTEIN 
and H A Y E S 1 4 ) This is supported by the recent finding that the isoelec­
tric point of plasma membrane vesicles isolated from the yeast is below 
p H 3 1 6 
Effects of UG^2 1" and La 3 + upon the Rb+-Uptakc into Yeast Cells 233 
In the next section we will report the effects of the divalent cation 
UOa2* and of the trivalent cation L a 3 - upon the kinetics of the R b - -
uptake into yeast cells at pH 4.5. As ROTHSTEIX and H A Y E S 1 4 reported 
the affinity of U 0 2
2 +
 to the fixed anionic groups located on the surface of 
the yeast cell membrane is a hundred times higher than that of Ba2+, 
it may be expected that the inhibition of the R b ' - u p t a k e by U 0 2
2
-
r
 will 
be much stronger than by equimolar concentrations of B a 2 r . In addition, 
a stronger inhibition of the Rb '"-uptake by the rare earth cation lan­
thanum than by the alkaline, earth cations reported previously1 is expected 
because of the greater screening ability of the trivalent cation, 1 6 provided 
that the affinity of the alkaline earth cations to the anionic sites is not 
much greater than the one of La 3 + . 
It is expected that polyvalent cations will enhance anion transloca­
tion across a negatively charged membrane, because in such a case a re­
duction in the sui face potential will favour the accumulation of anions 
in the regions adjacent to the translocation sites. We therefore also in­
vestigated the effects of Mg 2 + upon the phosphate uptake into yeast cells. 
It will be shown in this report that the kinetics of the Rb + -uptake 
into yeast cells can be inf uenced by the double -layer effects caused by 
the addition of polyvalent cations to the yeast suspension. 
Experimental 
Rb ""-uptake into fermenting yeast, Saccharomyces cerevisiae. Delft 2 
was studied by means of e 6 Rb as a tracer, in the absence and in the pres­
ence of the salts U0 2 (N0 3 )2 or LaClg at p H 4.5 according to T H E U V E X E T 
and B O R S T - P A T W E L S . 1 In the same way, the uptake of phosphate 
(applied as a disodium salt) labelled with ^V was studied. Initial uptake 
rates were obtained from the slopes of the tangents to the uptake curves 
at zero time. The experiments were performed in triplicate at 25 0 C. 
All reagents were AVALAR grade. 
The rate of C0 2 -production by fermenting yeast cells was measured 
by means of a C02-sensitive electrode (RADIOMETER Type E 5036), 
connected to an acid base analyzer (RADIOMETER, PHM 71 Mk 2). The 
ion activity of Mg2"1 was measured by means of a Ca2 +-sclective electrode 
(IS 560-Ca, Philips), connected to a Ρ YE Model 292 pH-meter. 
Results and discussion 
The infiuencc of U 0 2
2
 '• upon the kinetics of the Rb + -uptake is 
shown in Fig. 1. The data are represented according to H O E S T E E . 1 7 
Acco rding to this way of plotting a straight line is expected in the H O F -
STEE-plot for translocation described by single MICHAELIS -MENTEX ki­
netics ; 
V
m
c ν 
V
= K
m
 + c =ν>»-Κ·»-0 (9) 
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Fig ι 
Lffcct of и 0 2
г +
 upon the concentra­
tion depuulence of the R b + -uptake 
at p i t 4 5 I he initi.il rate of the 
Rb^-uptdko is plotted against the 
quotient of this rate and the Kb+— 
concentration I he rate of uptake 
is expressed m mmolcs per mm per 
Kg chy weight of j c a s t ( χ ) con­
tici (•) in the prcsmcc of і о - э mM, 
(Δ) io 2 n\M ( · ) io- 1 mM and (O) 
ι m M V02{N03)i Each point 
represents the mean value of trip­
licates This also applies to the 
data of Fig 2, 3 6 and 7 
where V
m
 repievents the value of the rate of translocation (v) at infi­
nite concentration of the ion translocated (c), and K,,, is the M i c u x r u s -
MLNTFN constant repiesenting the concentration с at which « = 0 5 V
m 
In the case of a two-site transpoit mechanism non-lmeai curves 
will be obtained 9 · 1 7 . 
Fig 1 clearly shows that the curves are сопл ex These сш еь 
represent an apparent positn e homotropc cooperative effect . the rate 
of translocation of Rb ' from solutions containing relatn ely low concen­
trations of R b + is increased more than proportionally as the Rb-1 con­
centration, being the independent variable, is raised On plotting the rate 
of uptake against the Rb •'•-concentration sigmoidal cui ves are found, 
which can be descnbed by a two-site transport model 4 Apparently, the 
Rb^-uptfke is inhibited competitively by U 0 2
2 +
 ions : the maximal rate 
of the Rb + -uptake (intercept with the ordinate in the HOFSTI Г-plot) 
and also the shape of the isotherm is not aftected when the concentration 
of υ θ 2
3 4
 is laiscd U 0 2
2 +
 decreases the rate of Rb + -uptake at all R b + 
concentrations applied, though less at the higher ones. Similar results 
are obtained with L a 3 + The potencies m reducing the Rb--uptake rate 
are approximately equal We have excluded the possibility that the 
effects of U 0 2 2 + and La 3 h are due to an inhibition of the glycolysis With 
the highest concenti ation of L a 3 + applied no effect is found on the rate 
of the C0 2-production, while with 1 mM U 0 2
2 +
 only after one minute 
a progressive reduction in the rate of the C 0 2 pioduction is observed. 
This reduction can be explained by an inhibition of the translocation of 
glucose across the yeast cell membrane by U 0 2
2
~
 l 5
·
1 8 
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With a curve-fitting program and with the use of a digital computer 
we have computed the coefficients Л',·, ß',·. С'; and D'¡ of the rate equation 
describing the Rb~-uptake in the absence and presence of U 0 2 2 + and 
La3+. It appears that the coefficients Л',· and B'¡ are independent of the 
concentrations of U02 2 + or La3+ applied, whereas the coefficients C',· and 
D'i are increased as the polyvalent cation concentration is raised. This 
was also found with other polyvalent cations.1 
Fig. 2 and 3 show that on plotting the coefficients C'; and D'i 
according to equations (4) and (5) respectively, straight lines are found. 
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Fig. 2. 
The effect of U ( V + (О) and L a " O "Pon 
the value of coelficicnt C'; ot the rate equation. 
The experimental data are represented ac­
cording to equation 7 against the £p-th root 
of the polyvalent cation concentration. 
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F ^ · 3-
The effect of и О
г
а + (О) and La»+ Q ) upon 
the value of coefficient D',· of the rate equation. 
The value of υ ' ; is plotted against the .?p-th 
root of the polyvalent cation concentration. 
The conclusion is reached that the effects of U 0 2
2 +
 and L a 3 + upon 
the kinetical coefficients of the Rb+-uptake into yeast cells can be de­
scribed by equations (2-5), indicating that double-1 lyer effects influence 
the kinetics of this translocation process. The values of the coefficients 
γ'ί,ρ, γ'.,ρρ and 8',·,ρ for the various polyvalent cations applied, including 
those found earlier, are summarized in Table i . The value of a',> appears 
to be zero for all the polyvalent cations applied. 
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T a b l e ι. Values of t h e coefficients γ'ί,ρ, γ'ϊ,ρρ a n d δ',-,ρ for t h e v a r i o u s poly­
v a l e n t c a t i o n s appl ied . 
P o l y v a l e n t c a t i o n 
M g 2 + 
5 г г + 
C a a + 
В а *
+ 
U 0 2
2 + 
A I 3 + 
L a 3 + 
Ο 0 2 I 
оозз 
о 043 
о обо 
0.470 
Ο 200 
о 45° 
Ύ «'.рр 
Ο 0023 
о 0039 
о ообу 
о оібо 
о 850 
о ібд 
о боо 
S'M 
о ig 
о 24 
0.46 
0.58 
4 75 
2.00 
4 75 
The values of the coefficients tabulated in Table 1 increase in the 
order Mg 2 + < Sr ! !+ < Ca2+ < Ba 2+ <^  Al3+ < U 0 2
2 +
 = І.а
3+, whereas, to 
a good approximation linear relationships are found on plotting γ',·,ρ 
against δ',-,ρ (Fig. 4), and γ',·,ρρ against the product of γ',-,ρ and δ',-,ρ (Fig. 5). 
As pointed out previously, these linearities may be expected only when 
the affinities of the polyvalent cations to the translocation sites are 
relatively low or zero. 
05 
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Fig 4 
A plot of coefficient γ ' , ρ against coefficient 8'¡p for ti 
valent cations ( · ) AÍg2+, ( + ) S r^ , (Δ) Ca*+, (•) 
(•) La"··- and (X) U(V+ 
he various poly-
Bd2+, (O) Al»+, 
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A plot of coefficient γ
 ) і И , against the product of the coefficients γ',·^ 
and S p^ for the various polyvalent cations. See also legend to Fig. 4. 
In the context of our theoretical considerations, taking γ'ΐ',ρρ as a 
measure of this affinity, the conclusion may be drawn that the affinity 
of the divalent cations to the negative fixed charges on the membrane 
surface increases in the order M g 2 + < Ca2+ < Sr 2 + < B a 2 + < ^ U 0 2
2 J
" , agreeing 
well with our speculation that phosphoryl groups on the membrane sur­
face are the main determinants of the negative surface charge density of 
the yeast cell membrane at p H 4.5 (see Introduction). In addition it can 
be concluded that the affinity of the rare earth cation L a 3 + to the anionic 
sites is greater than the one of Al3+. 
According to T H E U V E N E T and B O R S T - P A U W E L S 1 2 anion transloca­
tion across a negatively charged membrane will be enhanced by polyvalent 
cations. 
Fig. 6 shows the effect of MgCl2 on the kinetics of the phosphate 
uptake at p H 4.5. 
I t is seen that in the lower concentration range of MgCl2 the phos­
phate uptake is enhanced due to a decrease in the K
m
, while at the higher 
concentrations of MgCl2 the uptake is competitively inhibited. The 
straight lines in the HoFSTEE-plot may be described by equation (9). From 
the slopes of these lines we calculated the K
m
 of the phosphate uptake as 
a function of the concentration of MgCl2 (Fig. 7). 
The decrease in the K
m
 by concentrations of MgCl2 below 9 mM 
may be described by screening of the fixed charges by Mg 2 - . However, 
at this stage of our investigation an alternative explanation that phos-
238 T h e u v e n e t a n d B o r s t - P a u w e l f 
The effect of Mg2J· upon the concentration dependence of the 
phosphate uptake at pH 4.5 (O) control, (Δ) in the presence 
of 1 mM, О 4 m Α/, ( χ ) 9 mM, ( · ) 25 тМ and ( + ) 64 
т М MgCl2. 
Fig. 7· 
The effect of Mg 2 + upon the K
m
 of the phosphate uptake 
at p H 4.5. The values of K
m
 are calculated from the 
straight lines in Fig. 6. 
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phatc and Mg 2 + are co-transported into the yeast cell can not be excluded 
a priori. The increase in the K
m
 at the higher concentrations of MgCl2 
is not due to competition of Cl~ ions with phosphate for the transloca­
tion sites, but can be explained by a reduction in the free phosphate 
concentration on increasing the MgCl2 concentration.
1 β
 We have measured 
the Mg 2 + ion-activity in a solution containing 10 milf MgCl2 as a function 
of increasing concentrations of phosphate. This Mg2+ ion-activity de­
creased with increasing concentrations of phosphate. At a concentration 
of 30 mM phosphate the Mg2H ion-activity of the MgCl2 solution is 
virtually zero. 
It should be noticed that the equations (2-5) are derived by making 
use of the POISSOX-BOI.TZMAXN equation, neglecting both the finite 
dimensions of the ions and the interactions between the ions. The 
agreement of our experimental results with the simple theory is perhaps 
surprising, in view of the many assumptions inherent in the derivation 
of the final rate equation. 1 However, MCLAUGHLIN, SZABO and E I S E N ­
MAX 1 6 argued that the simple double-layer theory should be applicable 
to most surfaces, not because the errors introduced by the assumptions 
are negligible but because they should tend to cancel one another out. 
As shown in this paper to .1 good approximation, the theory of the dif­
fuse double-layer may be applied to a surface of a biological membrane. 
According to the two-sue transport model described previously,1 the 
differences in potencies of polyvalent cations of the same valency in 
reducing the rate of the Rb + -uptake can be interpreted as underlying the 
differences in affinities of these cations to the negative groups on the 
surface of the yeast cell membrane. However, from a statistical mechanical 
model of the diffuse-double layer RASMUSSEN 8 0 reached the conclusion 
that due to short range (non-coulombic) ion-ion interactions in the dif­
fuse double-layer the concentration ratios of ions of the same valency 
near a charged surface can be very different from their values in the bulk. 
It is obvious that such a phenomenon may also lead to the polyvalent 
cation selectivity observed. We are now developing discrimination crite­
ria in order to distinguish between the two possibilities for ion selectivity 
(binding or short range interactions or both). 
Conclusion 
In general one may state that Double-Layer Effects exert a very 
significant influence upon the kinetics of ion-translocation across nega­
tively-charged membranes. By ignoring this phenomenon in kinetical 
investigations of the effects of polyvalent cations, one can easily get 
trapped into thinking that the machanism of the polyvalent cation action 
is much more complicated than it is in reality. I t is suggested that the 
effects of polyvalent cations upon both the phosphate uptake and the 
Rb + -uptake into yeast cells may be mainly attributed to their potency in 
reducing the surface potential via screening of, and binding to the negative 
2 4 0 T h c u v e n e t a n d B o r s t - P a u w e l s 
groups on the surface of the yeast cell membrane, rather than via binding 
to the sites of the transport mechanisms themselves. 
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SUMMARY 
It has been chown that the steady state distribution of earner-free 
radioactive Rb between yeast cells and mediun is not affected by a 
reduction in the surface potential of the yeast cell membrane, caused try 
the additiop of a polyvalent cation. 
Only the rates of influx and efflux of Rb tracer ions are reduced to 
the same extend in accordance with the expectation that the electrochemical 
potential of the ions involved in the translocation process, both inside 
the cells and in the bulk aqueous phase, are not altered by a reduction 
in the surface potential. 
INTRODUCTION 
Probably, most, if not all, living cells have a net negative surface 
charge and consequently have a surface potential of which the value depends 
upon the ionic strength of the surrounding Tiedium. The ion concentrations 
in the aqueous phase immediately adjacent to the membrane depend on the 
magnitude of the surface potential. Combination of the Gouy-Chapman 
equation and the Boltzmann relation gives the relation between the concen-
tration of an ion in the bulk aqueous phase and its concentration near the 
membrane surface as a function of the net surface charge density of the 
membrane fi] . Under conditions that the surface potential is non zero, an 
increase m the concentration of a cation in the bulk aqueous phase will 
lead to a reduction in the surface potential and consequently in the ratio 
of concentrations of a cation near the membrane surface and in the bulk 
aqueous phase respectively. 
Recently, we took into account this electrostatic phenomenon in the 
kinetical description of cation translocation across biological membranes 
[l,2j . For translocation mediated by a single—site transport mechanism, the 
relation between the rate of translocation (v ) and the concentration of a 
74 
subntrate cation at the merrbrane solution interface (s ) can be dec 
cnbed by the Michaelis-Menten equation. 
V π 
1 1.0 
V = ' 
1 К + Б 
1 1,0 
0) 
where V IG the rate of translocation at infinite concentration of the 
substrate cation, and К is the value of s for which value ν = 0.5 V . 
' 1 1,0 1 1 
It turned out, that due to the presence of a net negative surface charge 
in general deviations from Michaelis-Menten kinetics may be expected for 
the relation between the rate of translocation (v ) and the substrate cation 
4
 ι 
concentration in the bulk aqueous phase (s ), because as stated above the 
quotient of s and s decreases on increasing s , giving rise to quadra^ 
tic terms of s in the relation between ν and s , instead of the linear 
ι ι i' 
terms of s in equation ("). Only under limited conditions, apparent 
Michaelis—Menten kinetics may be observed. However, m these cases, the 
calculated К is no linear function of the concentration of an added cation, 
m · 
whereas in the case that the merrbranc is not charged a linear relationship 
is expected between the К and the concentration of the added cation, 
provided the added cation has an affinity for tne translocation sitos. In 
addition, in the case of a negatively charged тетЪгапе, even when the 
added cation does not bind to the translocation sites, the К is affected 
' m 
by increasing the concentration of tiis cation, »ihich is due to a reduction 
in the surface potential. 
Wc have also derived rate equations for monovalent cation translocation 
across a biological membrane mediated by a saturable necnanism with two 
binding sites (2j. Typical relations could be derived for the dependence 
of the kinetic parameters of the translocation process upon the concen­
tration of a polyvalent cation, differing essentially from those derived 
for the case that tne membrane carries no excess of charge. The effects 
of polyvalent cations upon the kinetics of monovalent cation translocation 
were considered because polyvalent cations are potent agents in reducing 
the surface potential of negatively charged membranes (i). 
As the НЪ+ uptake by yeast cells is described by a two-site transport 
model [4-?] , we have tested the applicability of the theoretically derived 
relations experimentally by studying the effect of various polyvalent 
cations upon the kinetics of the Rb uptake into yeast. Л good applicabili­
ty was found. It was concluded that all polyvalent cations applied reduce 
the rate of the НЪ+ uptake exclusively Ъу reducing the Rb concentration 
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at the membrane solution interface, via a reduction in the surface 
potential f2,8]. In such a case, polyvalent cations should not affect the 
steady state distribution of Rb between the cells and the medium, othei^ 
wise the thermodynamic laws would be violated. A consequence of this is 
that when the influx rate is reduced, the efflux rate would be reduced, 
as well. We have now tested whether this is true by examining the effect 
of the trivalent cation Al upon the initial rate of Rb influx, dftd 
the effect of Al upon the initial rate of Rb efflux from cells pre-
loaded with radioactive Rb , as well. In addition, we have determined the 
steady state distribution and the effect of Al upon this distribution. 
A concentration of Al was used which did not affect the ion activities 
in the bulk aqueous phase appreciably. 
MATERIALS AND METHODS 
Yeast, Saccharomyces cerevisiae Delft 2, was starved under aeration for 
12 h and washed three times with distilled water. After starvation the 
yeast cells (^ w/v) were labelled with radioactive Rb by incubating the 
cells for 12 h at 2'°C in standard buffer (4i) mM Tnc/ouccinale pH 4.5) 
provided with 1% (w/w) glucose and carrier-free radioactive RbCl. Np was 
bubbled through the suspension. After this incubation procedure the cells 
were washed three timeö with ice cold standard buffer. Those cells are 
used for efflux experiments. The cells used for influx experiments are 
treated m the same way except that no radioactive Rb is added. 
"Efflux experiment": 10 ml of yeast cells labelled with radioactive Rb 
was preinoubated with 5% glucose at a yeast concentration of 10J& w/v in 
standard buffer at 25 С. N„ was bubbled through the suspension. After 
exactly 10 min. 9 ml of the yeast suspension was added to 81 ml standard 
buffer provided witK 3· 3$ glucose агй with or without 0.55 i*1 A1C1-. N-
was bubbled through the cu-ipension. At appropriate times, 0.8 ml samples 
are taken and centnfuged at 18,000 r.p.m. The radioactivity of 0.5 ml 
samples of the supernatants (A^) was determined by means of an end window 
Geiper-MUller tube. In addition, at appropriate times, the radioactivity 
in the yeast cells (A ) referring to 1.5 ml yeast cell suspension samples 
was determined as described previously [2j. 
"Influx experiment": influx of radioactive Rb was determined with yeast 
cells pretreated in the same way as the yeast for the efflux experiment 
except that no radioactive Rb was added during the 12 h incubation period. 
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A f t e r t h e 12 h i n c u b a t i o n p e r i o d 10 ml of y e a s t c e l l e wa", p r e m c u b a t e d WISH 
5^ g lucoce a t a y e a c t c o n c e n t r a t i o n οι' 10/& v.yv i n - t a n a a r d "o^i'fer a t 2^ С . 
Ν, was bubbled tnroufjh Ine зипреп^юп. A r t e r e x a c t l y "Ό " i n . ) - 1 o:' the 
y e a s t Gunpcnuion wan added t o Ci r i : ;tanuar'i b u f e r o r o v i o c l 'Jit.n j ^ r l u -
8C 
c o a e , c a r r i e r - f r e e r a d i o a c t i v e HoCl and M t r or J i t h o a t О.Ь гГІ AlCl-,. 
_) 
Ν, wan bubbled throu^n t h e G-cpcnsion. At a p p r o p r i a t e tit '-·", botn tne r a d i o ­
a c t i v i t y i n t h e c o l l . ; (A^) and m t h e " e d i u " (A,) '..'C-re a ' . t e r ' m o d a~ 
d e s c r i b e d above. 
HESULTS 
P i p . 1 r.ho.-,:. "t"". a c c u r u l a t i o n of Ho i o n s b , / e a ^ t τ ; 11 •mr. ".he 
• Ì J . 
upon -.hit a o o u ' u l a t i o n . At / e r o t i ' e car r ie r - • ' re>; 
io i iu . I 
e f f e c t of O.'j ":•" A 
r a d i o a c t i v o НЪС1 an'.. A C l ) ver«, aj ';co Л"\ i\ ІЛС-О^ 1 ' to t 
Γ.,Ι 
a c c o r d a r o f . ' i t ' our p i r ' ' i o u ' . oo ci"/a".icn' |2J tu«- i t i t i ' i l 
1+ 
:чъ
+ 
i n f l u y i. . rr uuc' ! in · t - i n ' I T - O V 1,- b/ Al . 1 1 , 
•inn. и t^ .D' l/ - · , t-.«· -л t u b u t i o n 
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Е^  fittiif 'he data to first—order reaction kinetics, we were able to 
Q¿ 
оаіс^іате tl <- -teady ctate anount of Rb in the yeast cells and the 
m ;.ìrc rate ccn^ -.an" for RD , bot: , i", the absence and in the presence 
Ζ -" Al . ?i¿". 2 :-ю'.'^  that a pocu 'Ίχ to ."irst—order reaction o- Ü.L-
k i r c t i o fouau ana tl at t re steals rxatc arount of "Rb ir. t re yea^t 
3+ * sC + 
e_l i - not affecten Ъ r Al · The rate of Rb η flux io redaced for 
6bf° by C o .-:*-
ЗООг 
ДО 60 
minutes 
Fig. 2. Semi—logarithmic plot of A —A against the incubation time. 
A is the radioactivity in tne сеГІс in the steady 3ta";e. 
A «an estimated by trial and error, in such a way that straight linee 
are obtained in the seTii-log-plots. See also legend to fig. 1. 
Fig. 3 shows the efflux of Rb tracer ions from yeast cells into a 
Rb -freo medium. It is seen that the efflux of Rb is reduced in— 
stantaneouoly by Al · This experiment was performed under identical 
conditions as the influx of Rb was determined. A is the activity in 
s ^ 
the medium, corrected for the activity in the medium at zero time. The 
latter activity represents the amount of Rb washed out from the yeast 
cell wall, after resuspending the cells in the buffer at zero time. 
In a similar way as described above we constructed Fig. 4. As the intercept 
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Flg. 3. Effect of 0.гі пМ Al^4" on the efflux of ÒRb+ t racer ιοηε fron 
yeacL cel lb labelled with carr ier- f ree racioactive Rb into a Rb - i r e e 
medium. The radioac^ivit j in the nedijm \k
 ч
) i s plotted against the 
incubation t i n e . Sec aloO legend to Fif. IT 
20 АО 60 
minutes 
0 
Fig. 4. Semi-logari1hmic plot of A_ -A. apainr.t the incubation t imt. 
A i " the radioact iv i ty in the méaiuin in the cteady t a t e . 
A^35 wa. cTtimatod b> t r i a l and error , in -urn a way that с tmight line'. 
a r ? obtained in Lhe ..emi-log-plot . Згч a l .о legend to Fig. 1. 
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with the ordinate is independent of Al , it may Ъе concluded that Al 
bc + does not affect the cteady ntate anoimt of Ht in the •nediur. The rate 
of НЪ+ efflux is reduced for 63$ "°У О.S rt: А І ^ . 
DISCUSSION 
ъ. 
The trivalent cation Al reduces the initial ratee of influx a id efflux 
86 + 
of Rb tracer ions Ъу yeast to the sa-ie extenî. The reduction in '-ho 
initial rates of the fluxes is instar.Tanecus (Fig. 1 and i), u'hereas tr.o 
amount of Rb taken up or lost by Iho cells in the -.toaav „tate ir 
independent of Al (Fig. 2 and 4). These results are in accordance v.'ith 
expectations. As a patter of fact the presence of a net negative charge on 
a membrane surface creates an electrical diffuse double layer bet-.ieen 
the surface of the nembranc and its surrounding nudi un. Тт., double layer 
might be considered as a conpartrcnt located between th" cell nc-ibranc and 
the bulk aqueous phase. A change m the' Uctrostatic properties of this 
compartment being in equilibrium with the bulk aqueou ; phase can never 
affect the steady state distribution of ions betweon the. bul1'aqueous phase 
and inside the cell. Only the rates of influx and effljx nay be affected. 
Therefore, our study shows that the reduction in the rate of Rb influx 
found earlier in the presence of polyvalent cations is not due to a 
reduction ir. the accuiulative "povrer" of tne cells, but only to a reduction 
in the rates of translocation. The la-, ter reduction is ciue to the fact 
that the Rb transport mechanism becomes less saturated with Rb as the 
surface potential reduces, because then also the concentra lion of Rb near 
the me-nbrane surface is redaced. 
Because cation uptake by yeast cells is counter balanced by caticn efflux 
in order to maintain electroncutrality [9-12j, one would expect that a 
decrease in the rate of Rb uptake woula be accompanied by a decrease in 
the rate of efflux of counter ions. Berks et all. from our laboratory found 
that Rb influx into yeast cells is balanced by an efflux of protons [not 
publishedj. In a preliminary experiment we examined the effect of Al 
upon this proton efflux. It appeared that the initial rate of the Rb -
dependent proton efflux is reduced considerably by 0.5 mM Al at relative­
ly low Rb concentrations. At high Rb concentrations no significant 
reduction in the proton efflux is observed [13J. This agrees well with our 
f a + in-
e a r l i e r observation that the inhibi t ion of the Rb uptake by Al i s of a 
competitive type. A decrease in the inhibi t ion of the Rb uptake by Al" 
+ 3f 
was found as the Rb concentration was raised. No effect of Al was found 
on the maximal rate of the Rb uptake [2j. It is therefore unlikely, that 
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the equal r e d u c t i o n i n t h e i n i t i a l r a t e s of i n f l u x and e f f l u x of НЪ Ъу 
3+- 2ή-
Al , shown i n t h e p r e s e n t r e p o r t , a r e due t o an e f f e c t of Al on the 
p e r m e a b i l i t y of the membrane. I n the l a t t e r case Al would have a f f e c t e d 
+ 3<-
t h e maximal r a t e of the Rb u p t a k e , t o o . The e f f e c t of Al upon t h e p r o t o n 
e f f l u x shows t h a t the Η -pump a c t i v i t y of t h e y e a s t c e l l can be a f f e c t e d 
i n d i r e c t l y by a r e d u c t i o n i n t h e e l e c t r o s t a t i c p o t e n t i a l a t t h e o u t e r 
s u r f a c e of t h e c e l l membrane. This e f f e c t should be a s c r i b e d t o t h e coup­
l i n g of the impaired c a t i o n uptake and t h e p r o t o n movement from the c e l l 
t o t h e medium. The i n h i b i t i o n of t h e Η -pump a c t i v i t y i n r a t l i v e r m i t o ­
c h o n d r i a by a g e n t s which s h i f t the s u r f a c e p o t e n t i a l t o more p o s i t i v e 
v a l u e s [14J, might u n d e r l y a s i m i l a r phenomenon a s d e s c r i b e d above. 
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Summary 
The effect of changes in the intracellular pH upon the concentration depen­
dence of the Rb+ uptake by yeast is investigated. It is shown, that the uptake of 
Rb+ can be described by a mechanism in which the total concentration of prim­
ary binding sites at the outer side of the membrane is independent of the intra­
cellular ligand composition and of the membrane potential, and the influx rate 
constants depend upon the intracellular pH and/or upon the membrane poten­
tial. It is argued that the involvement of a mobile carrier mechanism is not 
likely. 
Introduction 
Rosenberg and Wilbrandt [1] and Borst-Pauwels [2] showed in a theoretical 
study of the kinetics of mobile carrier-mediated transport of species across cel­
lular membranes, that the V and the K
m
 of the translocation process are not 
independent kinetical parameters, but that they are interrelated. In addition, 
both kinetical parameters depend upon the intracellular concentration of those 
species which have an affinity for the carrier involved. In other words, if the 
maximum rate of transport ( V) changes due to variations only in intracellular 
concentration of species, concomitant changes in the apparent affinity constant 
(if,,,) are predicted when a mobile carried is involved. 
Recently, Borst-Pauwels and Peters [3] showed that besides the V also the 
K
m
 of the phosphate uptake by yeast cells is markedly affected by changes in 
the intracellular pH (pHJ. A linear relationship between К
ш
 and Vwas found. 
It was therefore considered, that phosphate uptake by yeast cells might be a 
mobile carrier-mediated process, and that either intracellular protons or intra­
cellular hydroxyl anions have an affinity for the carrier. 
Armstrong and Rothstein [4] showed, that protons have affinity to the 
monovalent cation uptake mechanism in yeast cells. In addition, Ryan and 
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Ryan [5] found that the uptake of monovalent cations by yeast cells is also 
markedly affected by changes in pHj. Their data do not, however, allow a speci-
fication of kinetical parameters which are affected by changes in pH,. In this 
paper we examined the effect of changes in pH, upon the concentration depen-
dence of the Rb* uptake by yeast cells. In this way, the kinetical parameters 
can be evaluated as a function of pH,. It is examined whether changes in pH, 
also affect the maximum rate of uptake and the apparent affinity constants of 
Rb+ uptake by yeast cells, just as was found for phosphate uptake. 
Methods 
Yeast cells, Saccharomyces cerevisiae, strain Delft II, were starved under 
aeration over night. After starvation, the cells (2%, w/v) were incubated in 45 
mM Tris/succinate of the desired pH, provided with 3% (w/v) glucose, 1% (v/v) 
ethanol or propanol at 25°C, respectively. Air of nitrogen was bubbled through 
the suspension. The uptake of Rb* (applied as chloride salt), using 86Rb* as a 
tracer, was studied according to the method of Borst-Pauwels et al. [6] as 
modified by Theuvenet and Borst-Pauwels [7 ] . Initial rates of uptake were 
determined from the slopes of the tangents to the uptake curves at zero time. 
In parallel experiments, at zero time of the Rb+ uptake, pH, was determined 
after freezing and boiling the cells as described by Borst-Pauwels and Dobbel-
mann [ 8 ] . 
Cells with different pH, were prepared by the following methods: (1) Varia-
tion of the length of the anaerobic preincubation with glucose at pH 4.5 from 
5 to 60 min. (2) Preincubation of the cells with glucose or ethanol for 60 min 
at pH 4.5 under aerobic conditions. (3) Preincubation of the cells with glucose 
for 60 min anaerobically at pH 4.5, and the addition of various concentrations 
of butyric acid (adjusted to pH 4.5 with Tris) after 54 min of preincubation. 
In the controls corresponding Tris concentrations were added, which had been 
adjusted to pH 4.5 with HCl. (4) Variation of the length of the aerobic preincu-
bation with propanol at pH 4.5 from 5 to 60 min. (5) Preincubation of the cells 
with glucose, anaerobically, for 60 mm at various pH values (range 3.5—7.6). 
By these methods cells could be prepared with a pH, ranging from 6.16 to 
7.22. Cells prepared by Method 5 were only used to provide additional data on 
the effect of pH, on the maximum rate of uptake. 
Results 
During anaerobic preincubation, in the presence of glucose, marked changes 
in pH, occur. After a small, but significant drop, pb^ rises steadily (Fig. 1). 
Uptake of Rb* does not occur immediately after the addition of glucose, but 
only after a lag time of about 2 min. During this period pH; decreases and 
there is no net proton efflux. The latter phenomenon has also been observed by 
Riemersma and Alsbach [9 ] . In view of this phenomenon, the shortest preincu-
bation period was taken 5 min. 
The kinetics of the Rb+ uptake can be markedly affected by variation of the 
preincubation time. This is illustrated in Fig. 2 for the case of the Rb* uptake 
under anaerobic conditions with glucose as a metabolic substrate. The concen-
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Vig. 1. Dependence of pH, upon the penod of anaerobic preincubation m the presence of 3% glucose at 
pH 4.5. Inset: time course of the uptake of carrier-free 8 6 R b + at pH 4.5 e 6 R b + was added together with 
glucose at zero time. On the ordinate the radioactivity in the cells is presented in arbitrary units. 
tration dependence of the uptake rates is represented graphically according to 
Hofstee [10]. For uptake described by Michaelis-Menten kinetics a straight line 
is expected. However, for the Rb+ uptake convex curves are found. We have 
excluded that this is due to adsorption of Rb+ to non-transporting sites with a 
Fig. 2. Effect of the period of anaerobic preincubation in the presence of 3 % glucose upon the concentra­
tion dependence of the Rb* uptake rate at pH 4.5. The initial rate of Rb* uptake is plotted against the 
quotient of this rate and the Rb+ concentration (mM). (о) Ю min and (û) 6 0 min preincubation. Each 
point represents the mean value of triplicate experiments. 
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high affinity for Rb+ by which the free Rb* concentration may be lowered rela-
tively more at low Rb* concentration than at higher ones. It appeared that at 
1 0 - 3 mM Rb+ , the lowest Rb+ concentration applied, less than 1% of radioac-
tive Rb+ is bound to the yeast, whereas binding of about 70% is required to 
explain the data in Fig. 2. In addition, if the deviation from Michaelis-Menten 
kinetics is due to adsorption, the quantitative reduction in the free Rb+ concen-
tration would decrease on reducing the percentage of yeast with which the 
experiment is performed. Consequently, the observed deviation from Michaelis-
Menten kinetics would diminish on reducing the percentage of yeast. However, 
an identical Hofstee plot is found when the percentage of yeast is decreased 
from 2 to 0 .1%. It is thus clear that adsorption of Rb+ to the yeast cannot 
account for the observed concentration dependence of the Rb+ uptake. 
Convex curves in the Hofstee plot may also occur in case of uptake via a 
mechanism with two binding sites [10,11] . As a matter of fact, Armstrong and 
Rothstein [12] and Borst-Pauwels et al. [13] presented experimental data 
which show that the uptake of monovalent cations by yeast is compatible with 
transport via a two-site mechanism. The isotherm for the Rb+ uptake by yeast 
cells is therefore not described by a single Michaelis-Menten relation but by an 
equation of the form of Eqn. 1: 
¿ A + BA2
 n ν 
C, + As, + β? 
where υ, represents the initial rate of the uptake of Rb+ of a concentration ν 
A—A are the kinetical coefficients of the uptake process and are indepen­
dent of s, [11] . With a curve-fitting program and the use of a digital computer 
we have computed the coefficients A,—A of this rate equation, describing the 
isotherm of the Rb+ uptake by yeast cells under the various experimental con­
ditions applied. Coefficient S,, representing the maximum rate of the Rb+ 
uptake appeared to decrease when pH, raises. A single relationship between 
coefficient В, and pH, is found, independent of the way by which pH, is 
changed (Fig. 3). 
The effect of variation of the preincubation time upon the kinetical para­
meters A
x
—A and upon pH, is shown for the anaerobic preincubation with glu­
cose in Fig. 4 and for the aerobic preincubation with propanol in Fig. 5. These 
two figures show, that pH, increases after 2 min under anaerobic conditions, 
and decreases under aerobic conditions during 10 min, after which a slight 
increase is observed. Both the coefficients A, and B, appeared to be closely cor­
related with pH, ; an increase in pH, is accompanied by a decrease in A
x
 and B^ 
and a decrease in pH, by an increase in A, and B,. This is not true for the coeffi­
cients Ci and A (Table I). 
In the experiments in which butyric acid is used, the values of Ab C, and A 
have been corrected for a slight competitive inhibition by the extra amount of 
Tris added in order to adjust the pH to 4.5. We are aware of the fact that pH, is 
not the only variable during anaerobic preincubation as the yeast cells also 
accumulate Tris ions. Furthermore, cells which have been metabolizing with 
ethanol or propanol as a substrate have taken up more Tris than cells which 
have been metabolizing on glucose. It was therefore investigated, whether the 
intracellular Tris concentration influenced the kinetic coefficients. Cells with 
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Fig. 3 . Dependence of coefficient Bj upon pHp о, cells prepared by Method 3 ; · . Method 1; ·\ Method 4; 
X, Method 5; •, Method 2, glucose; *, Method 2, ethanol. Foi data see Table I and Figs. 4 and 5. 
a different intracellular Tris concentration were prepared by preincubating the 
yeast anaerobically at pH 4.5 with glucose in the presence of various concen­
trations of Tris. Uptake of Rb+ was studied at 45 mM Tris anaerobically in the 
presence of 3% glucose. It was found that the intracellular Tris concentration 
neither affected pHj nor any of the kinetic coefficients of the Rb* uptake sig­
nificantly (not shown). 
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Fig. 4. Dependence of the coefficients A¿—D¿ and pH¡ upon the period of the anaerobic preincubation in 
the presence of 3% glucose at pH 4.5. o, 10A¡; · , В,; л, 100C¡; X, ЮГ),; and *, pH¡. Dimensions of the 
coefficients: Aj (mmol 2 · m i n - 1 · k g - 1 · 1_ 1) , B¡ (mmol · m i n - 1 • k g - 1 )N С; (mmol 2 ·1~ 2 ) , Dj (mmol · Ι - 1 ). 
Fig. 5. Dependence of the coefficients Aj—D^ and pH¿ upon the period of aerobic preincubation in the 
presence of 1% propanol at pH 4.5; see also legend to Fig. 4. 
TABLE 1 
pH, AND THE COEFFICIENTS A,—», KOR CELLS WHICH HAD BEEN PREINCUBATED UNDER 
VARIOUS EXPERIMENTAL CONDITIONS FOR 6 0 MIN 
S.D. is the standard deviation of three observations. The numbers between parentheses refer to the experi­
mental conditions described under Methods. 
Condition 
Glucose, N2 (1) 
Glucose, air (2) 
Ethanol, air (2) 
Propanol, air (2) 
1 mM butync acid (3) 
4 mM butync acid (3) 
8 mM butyric acid (3) 
PH, 
6.72 
6.55 
6.41 
6.36 
6.51 
6.30 
6.16 
Al i S.D. 
0.54 ± 0.04 
0.53 ± 0.13 
0.83 ± 0.16 
0.82 ± 0.07 
0.72 ± 0.13 
0.84 ± 0.10 
0.90 f 0.12 
В, ± S.D. 
1 6 . 2 + 1.1 
20.9 ± 1 . 2 
27.4 ± 1.7 
27.0 * 1.8 
23.0 ± 0.8 
27.2 ± 1.0 
29.4 ± 1.1 
С, ± S.D. 
0.19 1 0.02 
0.19 ± 0.04 
0.18 ' 0.03 
0.15 ± 0.06 
0.23 + 0.03 
0.19 * 0 0 3 
0.21 ± 0.03 
D, ± S.D. 
1.55 ± 0.15 
1.71 i 0.25 
1.62 ± 0.22 
1.60 ± 0.14 
1.80 ± 0.15 
1.60 ± σ.14 
1.50 t 0.20 
Discussion 
Comparison with phosphate uptake 
The present results show, in accordance with the earlier observations ot 
Ryan and Ryan [5], that the initial rate of the Rb* uptake is markedly affected 
by changes in pHj. In addition it is shown, that only part of the kinetic para­
meters depend on pH,. The coefficients in the numerator of the rate equation 
(Eqn. 1), Л, and Bi depend upon pH, (Figs. 3—5), whereas the coefficients in 
the denominator, C1 and D,, are not significantly affected by changes in pH, 
(Table I). With respect to the dependence of the kinetic parameters upon pH,, 
the Rb+ uptake by yeast cells differs from the phosphate uptake. In the latter 
case, all the kinetic parameters depend upon pH,. In addition, the pH optimum 
for the Rb+ uptake appeared to be <6.0 (Fig. 3), whereas that for the phos­
phate uptake is 6.8 [3]. It is therefore unlikely that phosphate and Rb+ are 
taken up by yeast cells by a common uptake mechanism and that a common 
pH-sensitive factor is involved in the two translocation processes. 
Non-carrier versus mobile carrier-mediated uptake 
As pointed out by Borst-Pauwels [14] Eqn. 1 may be common to various 
two-site mechanisms of uptake, both mobile carrier and non-carrier mecha­
nisms of uptake. We have examined whether the present data allow a choice 
between the two possible types of mechanisms. We will first consider transloca­
tion via a mobile carrier. 
In the appendix specific interrelationships between the coefficients Α,, β,, 
Eind Ζ?! are predicted when only uncharged carrier complexes are translocated 
across the membrane. On plotting A, or D, — 2AJB, against Bi straight lines 
through the origin are predicted (Eqns. A5 and A6). Fig. 6 shows that in the 
case of the Rb+ uptake by yeast cells Д — 2Al/Bl is independent of B,. Conse­
quently, the experimental data allow the rejection of a mobile carrier transport 
model in which only uncharged carrier complexes are able to cross the mem­
brane. 
As changes in pH, may oe accompanied by changes in the membrane poten-
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Fig. 6. Piote of Πι — ZAj/Bj and of ¿ j against Bj (data from Table I). о, Л І — 2AiIBí and X, A;. See also 
legend to Fig. 4. 
tial (E) [15] we also considered the possibility that the uptake process may be 
affected by changes in the membrane potential. This will be the case when 
charged carrier complexes are translocated across the membrane. In that case 
the rate constants for both influx and efflux will depend upon E. However, as 
is shown in Appendix, the finding that Д — 2 ^ ; ^ is independent of Bj is very 
well compatible with a non-carrier mechanism, and this independency is in 
general not expected when ions are translocated across the membrane via 
charged carrier complexes. 
The conclusion is reached, that a mobile carrier mechanism is probably not 
involved in the Rb+ uptake by yeast cells. This is consistent with the finding of 
Rothstein [16] that the apparent affinity constant of the Rb+ uptake (corre­
sponding to coefficient Dj) is hardly affected when the intracellular Na+ con­
centration is varied. 
General features of models which may serve to explain the present data are, 
that the total concentration and affinity of the binding sites of the mechanism 
at the extracellular side of the membrane are independent of the intracellular 
ligand composition and of the membrane potential. Then namely, the coeffi­
cients Cj and Di are only related to the affinity constants of the extracellular 
binding sites of the mechanism and are therefore independent of variations in 
pHi and/or in E. On the other hand, the coefficients A, and Bj are related to 
the influx rate constants which may depend upon рЩ and/or E (see Appendix, 
Eqns. Al—A4, taking W
n
 = 0). In fact, the ion-translocation process can be 
described by enzyme kinetics [11] . The rate constants of translocation across 
the cellular membrane are equivalent with rate constants of conversion of sub­
strate to product. The dependence of Aj and В{ upon pHi may reflect a direct 
coupling between cation influx and proton efflux which is expected when Rb+ 
translocation across the membrane proceeds via a Rb+— H* exchange reaction 
in the interior of the membrane (see for example the non-carrier tetramere 
model developed by Lieb and Stein [17]), or it may be due to an increase in 
the negative membrane potential caused by a more effective proton pump 
generating an electrogenic potential. 
The preincubation effect 
Figs. 4 and 5 show that independently of the metabolic activity of the cells 
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(anaerobic or aerobic metabolism) the kinetic coefficients Q and Di are 
increased with the length of the preincubation. This phenomenon ('preincuba­
tion effect') appeared to be independent of pHj. This might be ascribed to a 
change in affinity of the external binding sites for Rb+ during preincubation. 
We would like to point, however, to an other possible explanation. We recently 
found, that the addition of polyvalent cations to the suspending medium also 
increased the values of the kinetic coefficients C, and D, and did not affect the 
values of the kinetic coefficients Л І and B^ This was explained by a reduction 
in the surface potential by the polyvalent cations [7 ] . Similarly the 'preincuba­
tion effect' might be due to a progressive reduction in the surface potential 
during the period of preincubation. 
Appendix 
A rate equation for transport via a mobile carrier mechanism in which two 
substrate binding sites are involved, has been derived by Borst-Pauwels [ 2 ] . 
Taking η = 2 in Eqn. 26 from that paper, an equation is obtained of the form 
of Eqn. 1. The coefficients A^—Д are functions of kinetic parameters of the 
uptake mechanism, intracellular and extracellular concentrations of species 
having affinity for the substrate binding sites and the metabolic state of the 
cells. In a condensed form these functions are represented by Eqns. Al—A4: 
Ai= ,
 + , ' (Al) 
B i = , Λ ' (A2) 
x2 +r2Wu 
x'o + r'0 Wn Q = ° ° (A3) 
X2 + r2Wll 
x'i + ri W
n 
A = ,* , " (A4) 
x2 +r2Wu 
where C t is the total concentration of the carrier, r' with appropriate subscript 
is a complex function of influx rate constants, affinity constants and the extra­
cellular ligand composition, and x' with appropriate subscript is a complex 
function of affinity constants and the extracellular ligand composition. W
u
 is a 
factor which is a function of efflux rate constants, affinity constants, the intra­
cellular ligand composition and the metabolic state of the cells. All the coeffi­
cients in the Eqns. Al—A4 are > 0 . By eliminating the factor W
n
 specific inter­
relationships between the coefficients A^ Bj and Dj are easily found: 
Л = 7 р г ^ = « 1 ^ (A5) 
¿r2 
and 
„ х'л — 2aiX2 
A - 2A./Bi = 1 Bi = ftBi (A6) 
Zr2C t 
When only uncharged carried complexes are translocated across the membrane, 
the coefficients a, and ßl are constants. On plotting Al or Д — 2Al/Bi against 
Б, straight lines through the origin are predicted. 
When charged carrier complexes are translocated across the membrane, the 
coefficients a1 and β, may depend upon pH,, namely when changes in pH, are 
accompanied by changes in E. Then the functions ΓΊ and r'2 depend upon E, 
because the influx rate constants are no real constants any more but will 
depend on E. 
Experimentally it is found, that a, and the product ßlBi are independent of 
pH, (Fig. 6). From Eqns. A2 and A6 it can be derived that 
ßA = ] ' 2 (A7) 
X2 + ' ' 2 ™ I I 
Therefore either г ^ ц is independent of pH, or гіІ ц « л^. According to Eqn. 
29 in the paper of Borst-Pauwels [2], and realizing that the rate constants of 
influx increase when E becomes more negative and those of efflux decrease, it 
can be deduced that r^Wn will increase, as well. Consequently, the product ßlBl 
cannot be independent of pH, (E), unless r^ Wn « х'г. This will be true when 
W
u
 = 0. In that case the rate equation is similar to that for an enzymic process 
[11]. In other words, the finding that a1 and ftB, is independent of pH,, is very 
well compatible with a two-site non-earner transport model. 
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CHÍLPIER V I I 
PROTONS AND THE KINETICS OF НЪ+ UPEâKE BY YEAST 
COMPETITIVE AKD ELECTROSTATIC EFFECTS. 

PROTONS M D THE KINETICS OF Rb+ UPTAKE BY YEAST 
COKEETITIVE AND ELECTROSTATIC EFFECTS. 
SUTIMRY 
(1) Protons affect the rate of the Rh uptake via three 
distinct types of interactions; indirectly via changes m pH , 
via competitive inhihition and orooaoly also via a reduction in 
the surface potential. 
(2) At least partially, protons nay be taken up Ъу yeast via 
the mechanism involved in monovalent cation uptake. 
(3) The surface potential of yeast cells estimated fron 
electrokir.etic reasurements (zeta potential) is not identical with 
tne negative potential "felt" Ъу the transport sites (local poten­
tial). 
(4) It is argued that the influence of ions on the zeta 
potential nay he consiaerod to reflect effects of these ions on 
the local potential. Therefore, knowledge of these effects tray he 
helpful in the elucidation of the mechanism Ъу which ions affect 
the kinetics of ion translocation across biological membranes via 
an interaction with the negative fixed charges on the nembrane 
surface. 
INTRODUCTION 
In studies on the effect of the pH on the conductarce-voltage 
curves of artificial liDid bilayer renbranes [_lj and of nerve fiore 
menbranes [2J it was found that pH reduction shifts the conductance-
voltage curve along the voltage axis toward more positive membrane 
potentials, and reduces the sodium and potassiurr conductance. 
Similar effects were found when polyvalent cations were added to 
the bathing medium ІЗ—6j. It appeared tnat the observed phenomena 
could be succesfully attributed to a reduction in the surface po­
tential by protons and by polyvalent cations [ TJ· This is 
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сопраііЪІе with the results of a theoretical study, m which we 
showed that changes in the surface potential nay affect ion trans­
port across charged memhranes \8\ , As a matter of fact, we have 
found that polyvalent cations reduce the rate of the Rh uptake Ъу 
yeast and it was argued that this effect of polyvalent cations may 
be attributed mainly to their reducing effect on the surface poten­
tial [9]. 
As Fuhrmann, Boehm and Theuvenet showed that the net negative 
surface charge density of the yeast plasma membrane is reduced by 
lowering the pH of the suspending medium [ίο] , it might be hypo­
thesized that the reduction in the rate of the Rb uptake by yeast 
with a decrease m pH [îy is partially due to a reduction in the 
surface potential. However, there are indications that proton uptake 
by yeast is mediated by the same mechanism involved in monovalent 
cation uptake [l2j . Consequently aleo a competitive inhibition by 
protons night contribute to the inhibition of the Rb uptake. 
In the present article we have examined the effect of the 
medium pH (pH ) on the kinetics of the Rb uptake by yeast and 
also on the surface charge density of the membrane under the uptake 
conditions applied. As changes in pH are accompanied by concomit-
tant changes in the intracellular pH (pH ), аіьо "indirect" effects 
of pH will come to the fore, as we have described in a previous 
article [l3j· By correcting the kinetic coefficients of the 
uptake process for these indirect effects, the dependence of the 
kinetic coefficients on pH can be evaluated. 
о 
It will be argued that protons reduce the rate of the Rb 
uptake significantly via a reduction in the surface potential and 
via competitive inhibition, as well. 
METHODS 
Rb uptake by fermenting y e a s t , Saccharomyces c e r e v i s i a e , 
Delft 2, was s tudied by means of Tib as a t r a c e r according t o 
Theuvenet and Borst-Pauwels [14J · In p a r a l l e l experiments the 
c o n c e n t r a t i o n s of К and Na in t h e suspending medium were deteiw 
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mined a t zero time of the Kb uptake Ъу flame photometry. 
The effect of the pH was s tudied i n 45 mM T r i s buffer ad jus ted 
with succinate t o the d e s i r e d pH. 
C e l l e l e c t r o p h o r e t i c m o b i l i t i e s wore measured a t 25 С us ing 
a r e c t a n g u l a r cuvet te and apparatus descr ibed by Fuhrmann et a l . 
[15]. The composition of t h e buffer s o l u t i o n was 45 niM T r i s ad­
j u s t e d t o the des i red pH with s u c c i n a t e . From e l e c t r o p h o r e t i c 
mobi l i ty t h e zeta p o t e n t i a l was c a l c u l a t e d by us ing the Helmholtz— 
Smoluchowski equat ion [іб] and the surface charge dens i ty was 
es t imated by means of the Gouy-Chapman equation [14J · The capa­
b i l i t y of the system was demonstrated by determining the v e l o c i t y 
parabola (mobi l i ty versus depth of the c u v e t t e ) . 
THEORY 
The uptake of Rb by yeast i s descr ibed by a two—site non-
c a r r i e r t r a n s p o r t model [ l 3 j · The r e l a t i o n between the r a t e of the 
Rb uptake ( v . ) and t h e c o n c e n t r a t i o n of Rb i n t h e suspending 
meditun ( s . ) has the mathematical form: 
2 A . s . + B.s. 
1 1 1 1 
v. = 
1
 C. + D.s . + s . 2 
1 1 1 1 
(1) 
The k i n e t i c c o e f f i c i e n t s A. , C. and D. are independent of s . , but 
depend on t h e c o n c e n t r a t i o n s of other ions a l so present i n t h e 
suspending medium [17J · B. i s not only independent of s. but a l s o 
of c o n c e n t r a t i o n s of o t h e r ionò. In a recent pub l i ca t ion we showed 
t ha t the c o e f f i c i e n t s C. and D. f and the quotient of A. and B. a re 
independent of pH. [ і з ] , and in genera l , according t o t h e non-
c a r r i e r model proposed, independent of changes i n t h e i n t r a c e l l u l a r 
l i g a n d corrposit ion. On the o t h e r hand, A. and B. depend upon pH.. 
When t h e surface p o t e n t i a l i s non—zero, Α . , С. and В. depend a l s o 
upon the surface p o t e n t i a l [14J. 
From Eqn. A1 and Eqn. 6 in -che paper of Theuvenet e t a l . [ M J , 
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the dependence of the coefficients A — Л on the concentrations 
1 1 
of other l o r s s anc. s. (of valency ζ ana z. rcsOect ively) a l so 
present m t h e suspending mediuTi i s e a s i l y der ived. 
A a τ ­
ι ι ,ο \ 
— = + Z _ a , 
B y / ' 
J J 
ζ - 1 
У
 J
 ( 2 ) 
ι,οο ^ч" ζ -2 \ Υ ζ +ζ,-2 
J A JA k/ i 
1,0 γ 7 - 1 
Β + / _ d s y J (4) 
The f a c t o r y m Ecns. 2-4 i s r e l a t e d t o the surface p o t e n t i a l ψ 
according t o Eqn. 5» 
y = exp (- q ψ
ο
 / ¿Γ) , (5) 
where α i s t h e absolute value of the charge on t h e e l e c t r o n , к i s 
t h e Bol tmann constant and Τ i s the value of the temperature in 
degrees of Kelvin. 
According t o t h e Gouy-Chapnan equat ion (see Eqn. 7 m ref . 14), 
the f a c t o r у i s a function of the c o n c e n t r a t i o n s of both anions 
and c a t i o n s present in t h e medium, and the surface charge dens i ty 
of the "lembrane (CT). For negat ive ly charged membrares у (у > i) 
reduces when the negative surface p o t e n t i a l i s reducea. Ooviously, 
ions which reduce the surface p o t e n t i a l nay affect the r a t e of t h e 
Rb uptake, even when these ions have no a f f i n i t y for t n e t r a n s ­
port s i t e s (Eqns. 2-4) . Provided coe f f ic ient a m Eqn. 2 i s 
1 , 0 
zero, and only Tionovalent c a t i o n s are present in t n e suspending 
medium, d e c r e a n n g y wi l l always lead t o a decrease in ν . 
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Tne reduct ion in tne r a t e of the Rb uptake by polyvalent 
c a t i o n s could oe a t t n o u t e d nainly t o the reduct ion in the Burface 
p o t e n t i a l by these ions |_9j · I t appeared t i a t for example, c o e f f i ­
c i e n t D i s l i n e a r l y r e l a t e d t o t h e ζ - t h root of the c o n c e n t r a t i o n 
of a polyvalent c a t i o n s of valency ζ . I t can be decaced from 
the Gouy-Chapnan ecruation t h a t tnese ζ - t n root r e l a t i o n s wi l l 
occur provided y » 1, t h u s when the surface p o t e n t i a l i s r e l a t i v e ­
l y h igh. 
Monovalent c a t i o n s (K , Na , Li and Cs ) are l e s s potent in 
reducing the surface p o t e n t i a l . There are no i n d i c a t i o n s t h a t they 
bind t o t h e negat ive groups on the c e l l membrane and according 
t o t h e Gouy-Chapman equation t h e i r screening a b i l i t y i s l e s s than 
t h a t of polyvalent c a t i o n s . Therefore these c a t i o n s wi l l a f fect Rb 
uptake by yeast mainly v ia competit ive i n n i b i t i o n (see a l s o Derks, 
PhD t h e s i s , in p r e p a r a t i o n ) . Protons, however, reduce t h e surface 
p o t e n t i a l appreciably oy protonat ion of the negative surface groups 
on the yeast c e l l merrbrane LIO] and protons might t h e r e f o r e reduce 
t h e r a t e of t h e Rb uptake v ia a reduct ion in t h e surface p o t e n t i a l , 
as we l l . To wnat extent t h e reduct ion m the r a t e of the Rb uptake 
by protons may be a t t r i b u t e d t o t h i s reduct ion m the surface 
p o t e r t i a l , i s t h e subject of t h e present i n v e s t i g a t i o n . 
RESULTS and DISCUSSION 
F i g . 1 shovs the dependence of t h e surface charge dens i ty and 
of t h e zeta p o t e n t i a l of yeast c e l l s on t h e pH of t h e suspending 
medium. The shapes of the curves, showing an i s o e l e c t r i c point 
beloxí pH 3, agree well with those previously repor ted by Fuhmann 
et a l . \}o) . These da ta , showing tha t the surface charge dens i ty 
i s a f fec ted apprec iab ly by pH , l ed us t o consider t h a t protons 
might a f fec t the r a t e of the Rb uptake by yeast v i a a reduct ion 
in tne surface p o t e n t i a l . 
The effect of pH on the concentra t ion dependence of the Rb 
uptake r a t e s i s shown in P i g . 2 . The concent ra t ion dependence of the 
uptake r a t e s i s represented graphica l ly according to Hofstee [l8] . 
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ZETA F I R . 1» pH dependence of the suri-
face charge dens i ty ( · ) and of t h e 
zeta p o t e n t i a l (o) of yeast c e l l s . 
Each point r e p r e s e n t s the nean 
value of 20 d e t e r m i n a t i o n s . 
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P i g . 2. Effect of the 
pH upon the concentra­
t i o n s dependence of t h e 
Rb uptake r a t e s . The 
i n i t i a l r a t e of Rh up­
take i s p l o t t e d against 
the quot ient of t h i s 
r a t e and t h e Rh con­
c e n t r a t i o n (mM). ( · ) 
pH 3.5, (x) PH Λ.0, 
(A) pH 4 . 2 , (о) pH 4.5 
and (ν) pH 4 . 9 · I n s e t : 
(•) pH 7 .2 . Each point 
r e p r e s e n t s t h e mean 
value of t r i u l i c a t e 
experiments. 
ι э 
l min"1 kg - 1 
With a curve—fitting program and the use of a digital computer we 
have computed the coefficients A — D of Eqn. 1, describing the 
isotherms of the Rh uptake at the various pH 's. In accordance 
with our earlier observation, the maximum rate of the Rb uptake 
(coefficient В = intercept with the ordinate in the Hofstee—plot) 
decreases when pH is raised. This effect on the maximum rate of 
* о 
uptake may be attributed to changes in pH on varying pH [із] · 
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It appeared -that a decrease in pH resulted in an approximately-
tenfold increase in the potassium concentrations m the medium 
(10 μΜ at pH 7.2 — • 115 μΜ at pH З.5). The sodium concentration 
remained constant (+ 90 μΜ). Taking into accomrt that these ions 
contribute to the values of A , С and D at each pH, via compe­
titive inhibición, corrected values of A and D coula be obtained. 
Coefficient С could not be corrected, because the cross-coeffi­
cients С , m Eqn. 3 are unknown. The contribution of K* and Na + 
1, JK 
to the kinetic coefficients A and В was calculated, using the 
values of a and d for these cations reported by Berks (PhD 
thesis, in preparation). 
The corrected values of А (ЛА ) were divided by the corre­
sponding values of В , in order to elimínate the effect of pH 
via pH [13] · On plotting this quotient of Δ A and Β , against the 
proton concentration s, , tc 
ship is obtained (Fig. 3). 
o a good approximation a linear relation— 
Fig. 3« Dependence of Δ А /В upon 
the proton concentration in the 
suspending medium s. . 
In a study of the effect of polyvalent cations on the Rb 
uptake at pH 4.5» i"·; was shown that coefficient A war not affected 
by polyvalent cations [9t14J. As polyvalent cations reduce the 
surface potential appreciably and thus the factor y m Eqn. 5 it 
is justified to concludo that the term a /y m Eqr. 2 doen not 
1, (У 
contribute significantly to the value of A under the various 
experimental conditions applied. The linear relationship between 
Δ Α /B and s, shown in Fig. 3 therefore meana tlat coefficient 
a , in Eqn. 2 is non-zero. Coefficient a , is a modified rate 
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constant for translocation of НЪ across the печіЪгапе via a form 
of the uptake mechanism in which one site is occupied Ъу НЪ and 
the other site is occupied by a proton. The finite value of 
coefficient a , therefore means that protons may be taken up by 
yeast via со—transport with Rb . This supports the suggestion of 
Rothstein [J2] that proton uptake by yeast is mediated Ъу the 
sane nechamsn involved in monovalent catior uptake. 
As concluded previously [9т14] divalent cations increase the 
value of coefficient D mainly via a reduction in the surface 
potential, rather than via competition with Rb for binding to the 
transport sites. This is supported by the recent finding that a 
single relationship exists between coefficient D and corresponding 
values of the zeta potential in the presence of various concentra­
tions of various types of divalent cations (Pig. 4, the lower 
curve). 
Fig. 4. Relation between 
coefficient D and the zeta po­
tential. On the lower curve, va­
lues of D at zeta potentials in 
the presence of divalent cations. 
(x) 0 to 50 mM CdClp, (o) 0 to 50 
mM MgCl2, at pH 7.2. (θ) In the 
presence of 10 nM I''gCl?, (v) 10 
mM SiClp, (0) 10 mM CaCl. and 
(se) 10 nil BaClp at p4 4.5. On 
the upper curve, values of D at 
zeta potentials at the various 
тэН' Ξ applied (·) (data from 
Fig. 1). 
I 2 3 4 5 6 ZETt 
mV 
The relationòhip between coefficient D and corresponding 
values of the zeta potential at different pH's is represented by 
the upper curve m Fig. 4. The decrease in the zeta potential by 
pHo is accompanied by a greater increase m D than is found on 
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decreasing the zeta potential with divalent cations. Obviously, the 
increase in D. on decreasing the zeta potential via a reduction in 
pH can not be accounted for by a reduction in the zeta potential 
only. Otherwise, the values of D. should lie on the curve found in 
the presence of divalent cations, "he differences in the values of 
D. at a certain value of the zeta potential might be attributed to 
competitive inhibition by protone. The values of these differences 
can be corrected for the contribution of К and Na , by making 
use of the values of d . reported by Derks. On plotting these 
1
» J 
corrected differences in D., denoted by A D . , against the proton 
concentration s, , in the case of competitive inhibition, a straight 
line through the origin is predicted by Eqn. 4· As a natter of fact, 
this is also found experimentally, as shown in Fig. 5. 
F i g . Dependence of A D . upon t h e 
proton concentra t ion in the suspending 
medium s, . h 
03 s h 
The present a n a l y s i s of the effect of protons on c o e f f i c i e n t 
D. of the Rb uptake shows t h a t protons increase t h e value of D. 
both v ia competit ive i n h i b i t i o n and v ia a reduct ion in the surface 
« We have found in pre l iminary experiments t h a t the Rb uptake i s 
i n h i b i t e d by T r i s in an apparent competit ive way. Therefore, in 
order t o obta in appropr ia te values of ÛD. the values of^D in 
F ig . 5 should be cor rec ted for the con t r ibu t ion of T r i s . Tr.ere i s 
ser ious doubt, however, whether the effect of T r i s i s due to a 
r ea l competi t ion of Rb+ with Tr i s for the t r anspor t s i t e s . I t can 
be ca l cu la t ed tha t about 20$ of the value of D a t pH 4 .5 i s due 
t o the con t r ibu t ion of T r i s . However, at pH 7-2 the con t r ibu t ion 
i s neg l ig ib ly a l i a l i . Therefore the slope of the l i ne in F i g . 5i 
us ing the values of D_. not cor rec ted for T r i s , night be over-
est i r ra ted about 20$. 
101 
potential. It can "be calculated that the percentual contribution 
of the tem d. /y in Eqn. 4 to the value of coefficient D. is 
atraut 74$ of the value of D. at pH 7·2, whereas at pH 3.5 "the term 
d. /y is only 12$ of the value of D. at that pH. Due to competi­
tive inhi"bitiont at lower pH's the term d. /y is dominated Ъу the 
v~ z,—1 x i c ' 
term ¿f- s у . I n other words, at lower pH electrostatic effects 
are dominated by competitive effects. St i l l the term d. /y 
i , ff 
increases on decreasing the pH from 7·2 to 3·5· At pH 7·2 a value 
of О.25 is calculated whereas at pH 3·5 this value is increased 
to 1.72. This increase in the term d. /y corresponds to a decrease 
in y of about 86$. However, inserting the values of the zeta 
potential in Eqn. 5 gives a value of y of 1.262 at pH 7·2 and 
1.002 at pK 3·5 respectively. The factor y calculated from the zeta 
potential is reduced only 21$ on decreasing pH frorr. 7»2 to 3·5· 
Probably the zeta potential is not identical with the potential 
"felt" by the transport sitec. This will be the case when the 
negative groups on the membrane surface are located at a short 
distance from the transport sites. Then the potential near the 
transport sites will be much higher than the zeta potential [19J » 
Consequently, values of the zeta potential of yeast cells may not 
be used quantitatively in the kinetical description of the Rb 
uptake by yeast cells. However, it appears that effects of ions 
on the zeta potential may be considered to reflect effects of 
these ions on a local potential "felt" by the transport sites. 
Therefore, knowledge of "hese effects may be helpful in elucidating 
the influence of surface charge on the kinetics of ion translocation 
across biological membranes. 
According to the present analysis of the data on the effect 
of pH on the kinetics of the Rb uptake by yeast it may be con­
cluded that protons affect the kinetics of the Rb uptake via three 
distinct types of interactions; indirectly via changes in pH , via 
competitive inhibition and via a reduction in the surface potential. 
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CHAPTER V i l i 
KINETICS OF DIVALENT CATION TRANSLOCATION ACROSS A 
NEGATIVELY CHARGED KEMBRANE. 
COMPARISON WITH THE KINETICS OF THE STRONTIUM UPTAKE 
ШТО YEAST CELLS.* 
ж accepted for p u b l i c a t i o n in "Transmembrane Ionic Exchanges 
in P l a n t s " , G. Ducet, R. Hel le r and M. T h e l l i e r e d s . , 
E l s e v i e r , Amsterdam. 
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KINETICS OP DIVALENT CATION TRANSLOCATION ACROSS A NEGATIVELY 
CHARGEO KETÍIBRANE. 
COMPARISON WITH THE KINETICS OF THE STRONTIUM UPTAKE INTO YEAST 
CELLS. 
A . P . R . THEUVENET and G.W.F.H. BORST-PAUWELS 
Depar tment of Chemica l C y t o l o g y , F a c u l t y of S c i e n c e , U n i v e r s i t y 
of Ni jmegen , T o e r n o o i v e l d , Nijmegen (The N e t h e r l a n d s ) . 
ABSTRACT 
The e f f e c t of a n e g a t i v e s u r f a c e c h a r g e upon t h e k i n e t i c s of 
d i v a l e n t c a t i o n t r a n s l o c a t i o n v i a a s i n g l e — s i t e mechanism i s 
i n v e s t i g a t e d t h e o r e t i c a l l y . I n a d d i t i o n , t h e e f f e c t s of monovalent 
c a t i o n s v i a b i n d i n g t o a n o n - c o m p e t i t i v e s i t e a r e c o n s i d e r e d . 
I n g e n e r a l d e v i a t i o n s from K i c h a e l i s - M e n t e n k i n e t i c s w i l l 
come t o t h e f o r e . When t h e d i v a l e n t c a t i o n s , does no t b i n d t o t h e 
α 
negative surface groups, the relation between the rate of trans­
location and s is of the type of a dual mechanism. The possibility 
of observing a sigmoidal relation between v, and s is excluded. 
It appeared that, at relatively low concentrations of s,, trans­
location will be inhibited on adding a monovalent cation, whereas 
at higher concentrations of s enhancement may come to the fore. 
The observation of such a phenomenon, excludes the involvenent of 
a dual mechanism. 
Isotherms compated according to the model developed resemble 
I 1 
t h o s e found e x p e r i m e n t a l l y f o r S r u p t a k e by y e a s t . 
INTRODUCTION 
T h e u v e n e t and Bors t—Pauwels ( 1 9 7 6 a ) a r g u e d t h a t f o r a p r o p e r 
k m e t i c a l d e s c r i p t i o n of c a t i o n t r a n s l o c a t i o n a c r o s s n e g a t i v e l y 
c h a r g e d membranes, t h e i o n c o n c e n t r a t i o n s n e a r t h e s u r f a c e of t h e 
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membrane have t o Ъе considered in the d e r i v a t i o n of the r a t e 
equat ion. The r e l a t i o n between the r a t e of t r a n s l o c a t i o n and t h e 
c o n c e n t r a t i o n of the s u b s t r a t e ion in the bulk phase may be fa r 
more complex than the one derived for the case t h a t t h e membrane 
c a r r i e s no excess of charge. For example, t h e k i n e t i c s of mono­
valent c a t i o n t r a n s l o c a t i o n mediated by a s i n g l e - s i t e mechanism 
may deviate from Michaelis—Menten k i n e t i c s . These d e v i a t i o n s are 
due t o a reduct ion in the surface p o t e n t i a l as the s u b s t r a t e 
c a t i o n c o n c e n t r a t i o n in the bulk i s r a i s e d . Бие t o t h i s reduct ion 
in the surface p o t e n t i a l t h e subs t ra te c a t i o n c o n c e n t r a t i o n near 
the surface of the membrane i s increased r e l a t i v e l y l e s s than the 
concentra t ion in t h e bulk i s r a i s e d . In a d d i t i o n , the concentra^ 
t i o n s of other c a t i o n s present near the surface of t h e membrane 
wi l l decrease . 
In t h e case of monovalent c a t i o n t r a n s l o c a t i o n in to yeast 
c e l l s , no i n d i c a t i o n s were found t h a t t h e surface p o t e n t i a l i s 
reduced in t h e range of monovalent c a t i o n c o n c e n t r a t i o n s a p p l i e d . 
On the other hand, a decrease in the r a t e of the Rb uptake by 
var ious polyvalent c a t i o n s was observed, due t o a reduct ion in the 
surface p o t e n t i a l by t h e polyvalent c a t i o n s (Theuvenet and 
Borst-Pauwels, 1976b,c). Therefore, d e v i a t i o n s from Kichaelis— 
Menten k i n e t i c s a re expected t o occur i n t h e case of d iva lent 
c a t i o n uptake, even when t h e t r a n s l o c a t i o n mechanism i t s e l f i s of 
the Michaelis-Menten t y p e . 
In the present a r t i c l e we have derived a r a t e equation for 
d iva lent c a t i o n t r a n s l o c a t i o n v ia a s ingle—site t r a n s l o c a t i o n 
mechanism, spec i f ic for divalent c a t i o n s . As a matter of f a c t , in 
the l i t e r a t u r e t h e ex i s tence of a spec i f ic mechanism for d iva lent 
c a t i o n uptake i n t o yeast has been claimed. In a d d i t i o n , i t was 
shown t h a t d iva lent c a t i o n uptake i s non—competitively i n h i b i t e d 
by monovalent c a t i o n s (Fuhrmann and R o t h s t e i n , 1968). Therefore, 
in t h e d e r i v a t i o n of the r a t e equation we have a l so taken i n t o 
account t h a t monovalent c a t i o n s may bind t o a non—competitive s i t e 
of the mechanism. A comparison i s made between isotherms computed 
for d iva lent c a t i o n uptake and those found experimental ly for Sr 
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upta-ce Ъу y e a r t . 
TtEORY 
I t i s assumed t h a t t h e t r a n s l o c a t i o n mechanism f o r d i v a l e n t 
c a t i o n s ( ^ j ) 12 of t h e Michael is—Tienten t y O e , and t h a t monovalent 
c a t i o n s ( s o r a ) i n t e r f e r e w i t h t h i s mechanism o n l y v i a b i n d i n g 
t o a n o n — c o n p e - i t i v e s i t e . Tne r a t e e q u a t i o n i s r e p r e s e n t e d by 
e q u a t i o n ( l ) 
V, / (1 + У s / К ) s , V s , 
d ' ν Z_. 3,0 ' y d , o m f o d , o 
, (О v d = ^ 
Κ + Ξ, К + Ξ, 
α d , o η , o d f o 
where s, and s are the concentrations of s. and s near the d,o j,o d j 
rembrane respectively. V, is the rate of translocation m the 
absence of non—coTpetitive inhibitors at infinite concentration of 
s,. K, and К represenx tne dissociation constants of the "carrier" d d j 
complex with s, on tne substraje site and s or. the non—conrpetitive 
site respectively. V and К are the naximal rate of xrann-r
 ^ m fo m.jO 
location and the К respectively. It is assumed that equilibrium 
m 
conditions apply. 
When tne merrbrane is uncharged, s. and s equal s, and s 
' d 3 d,o j.o 
respectively. However, if the nenbrane bears a negative charge, 
с, > s. and s > s , provided the surface potential is non d,o d j,о j' ν 
яего. 
By means of t h e Boltzmann r e l a t i o n , a c c o r d i n g t o which 
s d о = s d e x p ( ~ 2 ( ΐ ψ , ο / M 1) = s d У а п а s j о = S j У' e c I u a t : L O n ( 1 ) 
c a n be t r a n s f o r m e d i n t o 
u d -
v d s d 
1
 + Σ- Ξ // Κ
η 
0?d J 3 
Κ
^~
2
 + s d 
V s , 
m d 
m d 
I ( 2 ) 
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'лЬего у (у > 1) ін a function of the surface poLpntial ( ψ ). The 
surface potential in turn, is a function of all the concentrations 
of ions in the bulk phase, and of the negative surface charge 
density of the renbrane, according to the Gouy-C lapman equation. 
According to this equation у reduces as the concentration of a 
cation m the bulk phase is raised, (see Theuvenot and 
Borst-Pauwels, 1976a). 
It should be noticed that V and К (equation (2)) are no real 
m m
 v
 " 
constants m contradistinction with V and К (equation ( l ) ) . 
n,o m,o
 ч ч x
 " 
Thoy depend upon the value of y, which value in turn is determined 
by both the concentration of s and the divalent cation s . When 
s, increases, y will decrease due to screening of the negative 
charges of the surface groups. Consequently, both V and К increase 
when s, is increased. The increase m V is caused by the fact that d rr ^ 
t h e c o n c e n t r a t i o n s of s near the membrane decrease when \1/ 
J To 
becones less negative which leaas to a decrease in the non—competi­
tive inhibition. The increase m К reflects the decrease m the 
m 
quotient of the concentration of s, near the menbrane and the 
concentration of s, in the bulk phase (s, / s ) also being due 
to the reduction m vi/ by s,. 
We will now consider the possibility that an apparent positive 
homotrope cooperative effect may come to the fore. On increasing 
s. the rate of translocation will increase both because the number d 
of substrate sites occupied by s, increases and the non—coirpetitivc 
inhibition decreases. A positive homotrope cooperative effect is 
characterized by an increase m v. / s. with s, near s, is zero. 
d ' d d d 
It turned out, however, that d(v, / s ) / ¿(s^) is always smaller 
than zero. This can be easily derived by means of the Gouy-Chapman 
equation and equation (2). 
We have compated v, as a fanction of s, for various values 
of the kinetics constants and of the negative surface charge 
density, in the presence of a 1—1 electrolyte of concentration s , 
having an affinity for the non—competitive site and an extra added 
1—1 electrolyte of concentration s, . These computations are done 
for the case that a fixed concentration of s is present m the 
J 
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Ъиік phase, because the Sr uptake into yeast was examined in the 
presence of Tris cations. As will be shown elsewhere (Theuvenet, 
Bleuner and Borst-Pauwels, m preparation), Tris i s probably a 
non—competitive inhibitor of the Sr uptake by yeast. 
The results are presented according to the nethod of Fofstee 
(1952)· Por a single-Michaelis-Menten ecuation a straight l ine i s 
obtained accoramg to t h i s way of plotting with a slope being 
equal to —Κ , whereas the intercept with the ordinate equals the 
maximal rate of translocation (v ) · 
4
 m 
m 
V - К v/s (3) 
m m ' > ' 
m m 
К + s 
m 
As outlined in the Introduction, divalent cation uptake by 
yeast ce l l s proceeds via a mechanism in Vihich monovalent cations 
nay exert a non—competitive inhibit ion. This interaction of mono­
valent cations with divalent cation translocation will be rather 
complicated by the fact that the surface potential will be 
decreased both by adding a monovalent cation and by raising the 
concentration of the divalent cation ( s , ) . On increasing s, the 
quotient s, / s, i s decreased. In addition the concentration of d, 0 ' α 
s near the membrane i s decreased. This leads to deviations from 
J 
Michaelis—Menten kinetics as shown in Pig. 1 curve a. This curve 
refers to the case that no extra monovalent cation s, i s present. 
The deviations from Michaelis—Menten kinetics greatly increase 
on adding an extra monovalent cation (s, ) having a relat ively high 
aff inity for the non^-competitive s i te , even when s, i s added in 
a concentration by which ψ is not affected appreciably (Pig. 1 
curve b ) . The non—competitive inhibition by s, and also by s 
к J 
decreases as s. increases, because both s, and s are d ' k,o j,о 
lowered, due to a reduction in ψ as s, is raised. This gives 
rise to an extra upward deviation in the curve. It is seen that 
addition of s, predominantly leads to a non-<îompetitive type of 
inhibition, which however decreases somewhat when s¿ is raised, 
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due to a reduction in \b . 
When s, has a relatively low affinity for the non—competitive 
site, much higher concentrations of s, are needed for an appreciable 
degree of non—coirpetitive inhibition (Fig. 1 curve c). Then also 
ψ will Ъе reduced appreciably by s, , which leads to an additional 
decrease in the rate of translocation of c,, because s . will be 
d' d,o 
reduced. However, on increasing s, in the bulk phase, the relative 
effect of s, on vj/ decreasec. Therefore, the inhibition of the 
translocation of s as far as being due ίο a reduction in vL· 
diminishes, as s, i s raised. Because, in the case of curve b 
inhibition by s, via a reduction in vl/ i s much smaller than in 
curve c, and the non—competitive inhibition at inf ini te concen­
t r a t i o n of s. in the case of curve b i s much greater than in curve 
α 
с. curve b and curve с crocs each other as s, i s raised. In the 
' α 
case of curve c, inhibition of the translocation of s, resembles 
d 
more that of a competixivc type of inhibition than in the case of 
curve b. 
When s, has no affinity at all for the non—competitive site, 
the addition of s, will still have an effect upon the translocation 
of s via a reduction in φ . φ will be reduced, and consequently 
also both s. and s. .As illustrated in Pig. 1 curve d this 
а,о j,о 
leads to a reduction in the rate of translocation at relatively 
low concentrations of s,· where the effect of the decrease in s. 
d' α, о 
predominates, being greater than xhe decrease in òhe non—competi-
tive inhibition by s.. At relatively high concentrations of s,, 
however, a sximulation in the rate of translocation by s, will 
come to the fore, because then the reduction in the non—competitive 
inhibition predominates. The rate of translocation at inhinite 
concentration of s, remains unaffected. At infinite concentration d 
of s, namely, s, and s. are not affected by the addition of 
d •" d,o j,о 
s, , because then ψ is zero, both in the absence and in the 
presence of s, . 
We have compared the computed isotherms with some preliir.inaiy 
J L 
results obtained for the Sr uptake by yeast. Figure 2, curve a 
shows the isotherms for the Sr uptake from a solution containing 
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FIGUHE 1 
Theore t i ca l isotherms for the 
t r a n s l o c a t i o n of a d iva len t ca t ion 
¡3¿ across a nega t ive ly charge 
membrane from a so lu t ion containing 
bes ides s¿ a l so a f ixed concent ra t ion 
of a monovalent ca t ion S J , which 
ca t ion has an a f f i n i t y for the non-
competi t ive s i^e of the mechanism, 
and varying concent ra t ions of an 
ex t ra added monovalent ca t ion s·^. 
The isotherms are computed according 
to equation (2) and by making use of 
the Gouy-Chapman equat ion . They are 
represented according t o equation ( З ) · 
Curve 
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К. 
J_ 
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φ i s r e l a t e d t o t h e surface charge 
dens i ty (see Theuvenet and 
Borst-Pauwels, (1976a). 
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FIGURE 2 
Experimental ly observed i s o ­
therms for t h e Sr uptake 
by yeast at pH 4·5ι from a 
s o l u t i o n conta in ing bes ides 
Sr4 4" a l so 45 mM T r i s / s u c c i -
nate and varying amounts 
of added monovalent c a t i o n s . 
The uptake of Sr4 4" by yeast 
was determined with an 
i sotope technique, accord-
ding t o Borst—Pauwels, 
Schnetkamp and Van Well 
(1973*)· The r a t e of uptake 
i s expressed in mmoles min 
kg'"'' dry weight of y e a s t . 
curve a (ο) , Control 
curve b (A) , in t h e p r e ­
sence of 7 mM 
RbCl. 
curve с (χ) , in t h e p r e ­
sence of 
100 mM LiCl . 
Each point r e p r e s e n t s t h e 
mean value of t r i p l i c a t e s . 
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J L J. 
besides Sr also 45 ^М Trie. Addition of 7 mK НЪ , a concentration 
which is expected not to reduce ψ appreciably, leads to an cig— 
nificant reduction in the rate of Sr uptake. The inhibition is 
predominantly of the non—competitive type, as shown in Pig. 2, 
curve b. Addition of 100 mM Li leads to an even stronger inhibi-
+ + I 1 
t ion of the Sr uptake at Sr concentration near zero. At higher 
ι 1 
concentrations of Sr the inhibition by the high concentration of 
Li is at least partly relieved, whereas the inhibition by the 
relatively low concentration of Rb is not decreased significantly, 
as the concentration of Sr is raised. (Fig. 2, curve c ) . The 
inhibition by Li is predominantly of a competitive type. 
Comparison of the computed isotherms with the experimental 
ones, shows that, at least qualitatively, the experimental results 
are compatible with the predictions of the model. In the context 
of our theoretical considerations, Rb has a high affinity, and 
Li has a low affinity for the non-competitive site of the uptake 
mechanism. The experimental results suggest that the inhibition of 
the Sr uptake by Rb (resembling s, in curve b of Fig. 1) is 
mainly due to binding of Rb to the non—competitive site of the 
mechanism, whereas the inhibition by Li is mainly attributed to a 
reduction in Л/ by the high concentration of Li . The absence of 
a stimulation of the Sr uptake at relatively high concentrations 
I 1 J. 
of Sr suggests that Li has also a small non—competitive effect 
(Li resembles s, in curve с of Fig. l). 
DISCUSSION 
The introduction of a negative charge on the surface of a 
membrane will generally affect the type of kinetics of cation 
translocation across the membrane, namely when in the range of 
concentrations of the substrate cation applied, the surface potei>-
tial decreases. Due to this complication, experimental data may 
be misinterpreted. In the present article, for example, it is 
shown that even when the translocation process itself is of the 
Michaelis—Menten type, deviations from Michaelis—Menten kinetics 
114 
will come to the fore. Eacily, these deviations may he misinter­
preted to reflect translocation via a dual mechanism. 
Theoretically it is possible to distinguish translocation via 
a dual mechanism from translocation across a negatively charged 
membrane via a single—site mechanism. Namely, when the addition 
of an extra cation leads to enhancement of translocation at rela*-
tively high concentrations of the substrate cation, the involve­
ment of a dual mechanism can be excluded. 
The model described in the present article might apply to 
the description of divalent cation uptake by yeast. In order to 
obtain ultimate proof the accuracy of the determinations should 
be improved, and also more sophisticated discrimination criteria 
should be developed. 
I 1 I 1 
The data on the Sr uptake show that Sr is not absorbed 
into yeast by the monovalent cation transport mechanism. Otherwise 
+ I 1 
Rb should i n h i b i t t h e Sr uptake c o m p e t i t i v e l y . 
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CHAPTER H 
GENERAL DISCUSSION 

GENERAL DISCUSSION. 
1. A p p l i c a b i l i t y of t h e Oouy-Chapman theory« 
The i n h i b i t o r y e f fect of polyvalent c a t i o n s on Rb uptake 
discussed in t h i s t h e s i s i s analyzed by surface p o t e n t i a l theory 
according t o Gouy ^ J and Chapman |_2j. According t o t h i s theory 
of the diffuse double l a y e r , t h e simplest express ion r e l a t i n g t h e 
double l a y e r p o t e n t i a l ( sur face p o t e n t i a l , ψ ) , t h e surface f ixed 
charge d e n s i t y (0* ) and t h e ionic c o n c e n t r a t i o n s m the bulk aqueous 
phase i s represented by 
σ
2 ( 0 φ = Ζ B f f l(yZ n i-i) 0) 
m 
in which у = exp (- qvL/ykT) and φ i s related to (Γ . In the case 
that s has an affinity for the fixed charges φ i s not anymore 
a constant, but depends upon y and s . For detai l s we refer to 
Chapter I I I . 
Some important approximations have been made in the derivation 
of Eqn. 1. I t i s assumed that the dielectr ic constant in the double 
layer equals that of the solvent in the bulk solution. The negative 
charges are also assumed to be uniformly distributed on the membrane 
surface, and the ions are assumed to be point charges. As the 
effective charge of ions may be decreased both by screening and 
association with countenons [з] » "the use of ion a c t i v i t i e s in Eqn. 
1 will give a more accurate picture at the actual charge d i s t r i ­
bution [_4j · Without t h i s refinement, too high values of у will be 
calculated [5]· Because of the uncertainties in calculating single 
ion a c t i v i t i e s , however, we have omitted t o introduce t h i s refine­
ment. Davies and Rideal [6} and Aveyard and Haydon [7] have d i s­
cussed the approximations made in the derivation of Eqn. 1 m deta i l , 
and McLaughlin et a l . |_8j have discussed i t s applicabi l i ty to 
biological membranes. I t appeared experimentally that the simple 
double layer theoiy i s applicable to most surfaces, not so much 
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because the errors introduced Ъу the assumption are negligible, 
but because they should tend to cancel one another out. As a matter 
of fact, this fortuitous cancellation of secondary effects implies 
that the theory of the diffuse double layer can be applied to 
biological membranes, as shown by various investigators )4,5|9-14]. 
2. Is it possible to estimate the magnitude of the surface 
potential from kinetic data ? 
McLaughlin et al. [8| pointed out that the surface potential 
may be represented analytically by the Gouy expression for poly-
• z_ 
valent cations alone, О) = s y (see Eqns. 6 and 8 in Chapter III), 
when the magnitude of the potential at the surface of the membrane 
is much higher than 25 mV. In that case, the concentration of s 
near the surface of the membrane (s ) may be constant over a 
Pt О 
large range of concentrations of s in the bulk aqueous phase. 
With the assumption that this applies for the concentrations of 
polyvalent cations near the surface of the yeast cell membrane, 
the "Z —th root" relations describing the dependence of the 
kinetic coefficients on the concentration of a polyvalent cation 
s have been derived (Chapter III). As a matter of fact, experiment-
tally, the dependence of these kinetic coefficients on the 
concentrations of various polyvalent cations is described extremely 
good by these Ζ -th root relations (Chapter III and IV). Coefficient 
D , for example, appeared to be related to the Ζ -th root of the 
concentration of s according to an equation of the form, 
x l/z 
D = 6 +6 s P (3) 
ι ι,ο ι,ρ ρ
 w
' 
Theoretically D is related to the surface potential φ (by means 
of the factor y) according to 
d. 
Б 
= - ^
+
У d s (4) 
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Eqn. 4 applies to the case that polyvalent cations have no aff inity 
for the transport s i tes and s i s a monovalent cation (see Chapter 
VII). 
In the case Q) = s y , Eqn. 4 turns into 
D = ) d в + S 
1
 % ^ J ^ 
1Д 
в
 P
 (5) 
Ρ Ρ ' 
According to the theoretically derived relation (Eqn. 5) the 
phenomenological coefficient о l n Eqn. 3 equals У d s . 
1.° ITi 1'J ^ 
Consequently d would be approximately zero in r the absence 
У 
of s . The experimental observation of Ζ -th root relations might 
indicate that under experimental conditions in the range of con­
centrations of s applied, s is a constant. This in turn would 
Ρ ' Pt0 
mean that the surface potential, at least m the vicinity of the 
transport sites (local potential), must be relatively high 
(» 25 mV). However, as shown in the Appendix, also for potentials 
of the order of 25 nV, thus for s is not a constant in the 
•> ' p,o 
range of concentrations of s applied, Ζ —th root relations may be 
observed by approximation. In addition, the condition Д-«0 'Ü О 
is not necessarily true. Ir fact, a wide range of ψ values may 
exist at which Ζ -th root relations may occur. 
As shown m the Appendix, knowledge of the number and kind 
of charged groups near the transport sites and of the mechanism of 
binding of protons and of polyvalent cations to these charged 
groups is needed, in order to be able to calculate the local 
potential and the local charge density from the experimental data. 
Because of lack of this knowledge at the present stage of inves­
tigation, the data on the effect of polyvalent cations on the Rb 
uptake do not allow even an approximate estimation of the absolute 
value of the potential "felt" by the transport sites. 
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3. Arguments for an e lectrostat ic effect of polyvalent cations on 
НЪ uptake. 
I t i s well recognized that due to mter-ionic interactions 
the act iv i ty coefficients of ions in solution are reduced on in­
creasing the ionic strength of the solution. I t i s therefore 
possible that , for example, the reduction m the rate of Rh uptake 
I I 
in the presence of 100 mM Mg i s due t o a reduct ion i n t h e a c t i v i t y 
c o e f f i c i e n t of НЪ . I t should Ъе n o t i c e d , however, t h a t the r a t e 
of НЪ uptake i s reduced t o the sarae extent Ъу 0.5 mM U0„ , or Ъу 
1 mM Al (Chapter I I I and IV). As НЪ uptake i s s tudied from a 
s o l u t i o n c o n t a i n i n g 45 mM of T r i s i o n s , with those c o n c e n t r a t i o n s 
| 1 _1_J L 
of U0„ or Al the ionic strength of the solution is not 
affected appreciably. Still, with Mg and also wrch U0 2 and 
t 1 I 
ΑΙ , "Ζ —th root" relat ions are observed. It i s therefore, 
Ρ 
unlikely that the Ζ -th root relat ions observed experimentally 
reflect a reduction in the act iv i ty coefficient of Hb by poly­
valent cations. On the other hand, the great difference m the 
ab i l i ty of eouimolar concentrations of Mg and Al in reducing 
thp rate of the Rb uptake i s compatible with a difference m the 
ab i l i ty of these ions m screening negative surface charges. 
Namely, according to the Gouy-Chapman relation tr ivalent cations 
have a far greater screening abi l i ty than divalent cations. Our 
+ ++ 
observation that the inhibition of Rb uptake by UOp i s much 
greater than by the alkaline earth cations i s coiipatible with the 
higher aff inity of U0„ as compared to alkaline earth cations for 
the negative surface charges (see ref. 8) . That polyvalent cations 
would affect ion transport into yeast ce l l s through a reduction in 
the local potential i s supported by the finding that at pH 4.5 
++ + 
9 mM Mg inhibits Rb uptake but, on the other hand stimulates 
the uptake of an anion like phosphate (Chapter IV). 
The stimulation of anion uptake by Mg іь compatible with 
a decrease m the local potential. Due to this decrease the conr-
centration of phosphate near the membrane surface will be increased. 
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As wi l l be argued m a subsequent paper (Theuvenet and 
Borst-Pauwels, in p r e p a r a t i o n ) a l s o the observat ion t h a t the ef fecty-
v i t y of polyvalent c a t i o n s i n i n c r e a s i n g c o e f f i c i e n t J) decreases 
on r a i s i n g the pH, i s compatible with our hypothesis t h a t poly­
valent c a t i o n s reduce the r a t e of the Rb uptake mainly through 
a reduct ion m the l o c a l p o t e n t i a l . I n a d d i t i o n , our observat ion 
of a s ing le r e l a t i o n s h i p between coef f ic ient D and t h e zeta 
p o t e n t i a l in the presence of d iva lent c a t i o n s ( F i g . 4 m Chapter 
Vi l) I S a l s o i n accordance with t h a t hypothes i s . 
The observat ion of Ζ —th root r e l a t i o n s , the opposite e f fect 
++ + 
of Mg on Rb and phosphate uptake, the decrease in the e f f e c t i v i t y 
of polyvalent c a t i o n s in i n c r e a s i n g coe f f ic ient D as the pH r a i s e s , 
the s ingle r e l a t i o n s h i p between coe f f ic ient D and the zeta 
p o t e n t i a l i n the presence of divalent c a t i o n s and the great d i f f e ­
rence m the a b i l i t y of equimolar c o n c e n t r a t i o n s of Mg and Al 
I 1 _1_ 
or U0„ in reducing Rb uptake, demonstrate that the effect of 
polyvalent cations on Rb uptake can be adequately ascribed to an 
electrostatic interaction of these ions with membrane fixed charges. 
4» Interpretation of the effect of pH on Rb uptake. 
Decreasing the pH of the medium leads to an apparent competitive 
inhibition of Rb uptake. Fig. 1 shows, that coefficient D , after 
correction for the contributions of К and Na , Д D is linearly 
related to the proton concentration in the medium, which would be 
expected when protons compete with Rb for the same binding sites 
(Berks, in preparation). If this competitive inhibition is real, the 
values of the term d /y (see Eqn. 4 m Chapter Vil) m the presence i, cr 
of divalent cations can be calculated by subtracting from the values 
of D the value of D found m the absence of divalent cations at 
ι ι 
the corresponding pH. As shown in Fig. 2, in that case a discon­
tinuous relation would exist between d /y and the zeta potential, 
ι,σ 
which is very improbable, unless the zeta potential does not reflect 
at all the surface potential m the vicinity of the transport sites. 
The fact that the sequence in which equimolar concentrations of 
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divalent cations reduce the rate of the Rh uptake is the same 
for the potency of divalent cations in reducing the zeta potential, 
hoth at pH 4·5 a n |i э-'Ь pH 7·2, however, supports the view that the 
zeta potential is a reflection of the local surface potential. 
Therefore, it is more logical to assume that protons affect Rh 
uptake through a reduction m the local potential, as well, as the 
reduction m the zeta potential by protons is of the same order of 
magnitude as the reduction Ъу divalent cations (see Pig. 4 in 
Chapter Vii). 
Figure 1 Figure 2 
Fig. 1. Values of Δ D against the proton concentration in the 
hulk aqueous phase s.. In the calculation it is assuned that the 
increase in coefficient D Ъу protons is entirely due to 
coiipetitive inhibition. 
Fig. 2. Values of d /y against the zeta potential in the 
presence of divalent ¿ations at pH 4.5 an|i ^ pH 7»2. See text 
for calculation of d /y and legend to Fig. 4 m Chapter VII 
for meaning of the syAools. 
An important consequence is then that the term d /y in Eqn. 4 
is far from zero, even m the absence of a polyvalent cation. 
(At pH 4·5 this term in the absence of a polyvalent cation equals 
0.72 which is 41$ of the value of ~D at that pH). As pointed out 
previously (see section 2 of this Chapter and the Appendix) then 
still experimentally Ζ -th root relations may occur in the presence 
of polyvalent cations. Also, reanalysis of data reported by 
McLaughlin et al. j_8J and Schauf [14J on the effect of Ca'*4' on 
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voltage-conductance сшт ез of a r t i f i c i a l membranes and of the axon 
membrane of Myxicola, respectively, showed that square root 
relations are obtained although the conditions for which they may 
be expected theoretical ly do not apply. 
In conclusion, the description of effects of protons and of 
polyvalent cations on the Rb uptake by yeast ce l l s i s consistent 
with the hypothesis that these ions affect ion translocation across 
the yeast cel l membrane, at least part ia l ly, through a reduction in 
the local surface potentia l . 
^. Steady state distr ibution of Rb between yeast ce l l s and 
surrounding medium. 
ι ι 1 
The observation that Al reduces the influx and the efflux 
of Rb to the same extent (Chapter V) is also compatible with 
the hypothesis that Rb uptake is affected by a reduction in the 
potential in the double layer adjacent to the yeast cell membrane. 
Namely, a change in the electrostatic properties of this compart­
ment (the double layer) being in equilibrium or near equilibrium 
with the bulk aqueous phase can not affect the steady state dis­
tribution of ions between the bulk aqueous phase and the inside of 
the cells. Only the rates of influx and efflux may be affected, 
but then to the same extent. 
6. Surface potential complications in kinetics of polyvalent 
cation uptake. 
As all our experimental data indicate that polyvalent cations 
reduce the magnitude of a negative local potential it may be ex­
pected that also the kinetics of uptake of a polyvalent cation it­
self will be affected by this electrostatic phenomenon. As a matter 
of fact, the concave shape of the Hofstee plot observed for the 
uptake of Sr by yeast cells (Chapter Vili) can be considered to 
result from a deformation of a linear Hofstee plot due to a 
progressive reduction in the surface potential by Sr itself as 
the Sr concentration is raised (see for theory also Chapter II). 
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It i s shown that monovalent cations may inhibit Sr uptake 
in a non-competitive way. However, recent findings in our 
laboratory (Roomans, Theuvenet and Borst-Pauwels, publication in 
preparation) showed that probably no real non—competitive 
+ ι ι 
inhibition occurs, but that Rb reduces the rate of Sr uptake via 
a depolarisation of the membrane potentia l . S t i l l , phenomenologi-
cally, the effects of relatively low concentrations of monovalent 
cations on the Sr uptake can be described formally as non ·^ 
competitive inhibit ion. If concentrations of monovalent cations are 
applied which are expected to reduce the surface potential appre­
ciably, then an apparent competitive component should be included 
and a mixed type of inhibition might resul t . This agrees well with 
the observation that Sr uptake i s inhibited non-competitively by 
a concentration of Rb which is not expected to reduce the surface 
potential appreciably, whereas a high concentration of Li leads to 
an apparent competitive type of inhibition (see Chapter Vi l i ) . 
7. Final conclusion. 
We are aware that the fixed-charge model for Rb uptake by 
yeast as described in t h i s thesis i s too simple to provide an exact 
explanation of the kinetics of t h i s uptake process. The model does 
not account for other phenomena which might also play an important 
role in membrane transport . Рог example, the model does not account 
for a) effects of dipole potentials [l?! , h) the fact that ions 
may induce gross a l terat ions in the membrane structure jl8—20J , 
c) effects of unstirred layers ¡2ΐ] and d) effects of ions via the 
membrane potential and via their effect on ion-activity coefficients. 
As the yeast plasma membrane i s surrounded by a cel l wall, the 
presence of charges in the wall may also create an e lectrostat ic 
compartment between the membrane and the solution. Owing to the 
presence of fixed charges in t h i s compartments, even if the membrane 
i t se l f bears no fixed charges, the concentrations of ionic species 
in the wall will be different from that in the bulk aqueous phase, 
according to the Donnan equilibrium [23J . Then, as may be deduced 
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from the study from Engasser and Horvath \24J , phenomenologically 
the Dormán potential may exert a similar effect on the kinetics 
of ion uptake as the surface potential doeg. 
Nevertheless, despite the fact that the fixed charge model for 
Rb uptake described presently is in fact too simple, a fairly 
good description of the effects of polyvalent cations and of protons 
on this uptake process is obtained. 
Future trends in this field should include also techniques other 
than kinetical evaluation. For instance, chemical modification of 
the charged surface groups, alteration of the phospholipid compo-
sition of the membrane and application of techniques to determine 
surface charge densities by other means than by electrophoresis, 
like the use of spin labels and the application of NMR J25J , and 
isoelectric focusing [26]may be helpful in the elucidation of the 
actual uptake mechanism involved. In addition, more sophisticated 
models have to be developed which account for effects other than 
those underlying interactions with membrane fixed charges. 
In conclusion, we may state that our experimental results 
support our hypothesis that the presence of a surface charge may 
affect the kinetics of ion translocation across biological membranes 
appreciably (Chapter l). The experimental results support our view 
that in the engineering of mathematical models applicable for the 
description of ion translocation across biological membranes, due 
account has to be taken for the presence of a charge in the 
vicinity of the binding sites of the uptake mechanism. Otherwise, 
serious errors may enter the interpretation of the physical sig^ 
nificance of the kinetic parameters and of the type of mechanism 
involved in translocation. 
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АРРЕШ)ІХ. 
I t follows from t h e a n a l y s i s of t h e ef fect of pH on НЪ 
uptake (see Chapter Vi l) t h a t the term d. /y a t pH 4 · 5 i s non 
li σ 
zero and is even 41$ of the value of D. at that pH (d. /y = 0.72). 
According to the Ζ -th root relations experimentally observed 
Ρ 
at pH 4·5ι d. /y should approximate zero, or d. /y should Ъе 
related to s according to 
1/ ζ &· s ' ρ 
*. {-- 1 } (AD 
ι,ο (.У y
o
J 
which t i j m s a t pH 4 · 5 i n t o 
l/z d. 
O.T2
 + 6 i r p S p P = J * 2 (A2) 
Eqn. (Al) i s e a s i l y derived from Eqns. 3 and 4· In Eqn. AI y i s 
the value of y a t s = 0 . On the other hand, y i s r e l a t e d t o the 
c o n c e n t r a t i o n s of ions in the Ъиік aqueous phase according t o the 
Gouy-Chapman equat ion (Eqn. l ) . Consequently va lues of y c a l c u l a t e d 
from Eqn. Д1 should equate the corresponding values c a l c u l a t e d from 
Eqn. 1. This w i l l Ъе the case i f у » у » 1, t h u s when t h e sur­
face p o t e n t i a l i s r e l a t i v e l y high («v - 300 mV). I t appeared, 
however, t h a t for 8. = 0.19 (Mg a t pH 4.5) with t h e r e l a t i v e l y 
1 f Ρ 
low value of у = 7 .51, corresponding t o a l o c a l p o t e n t i a l of only 
- 52 mV, a good f i t t o the square root r e l a t i o n betv/een coe f f ic ient 
ι ι 
D. and the Mg concentration is obtained. An exact fit can Ъе 
obtained when the surface charge density (Г depends on the inter-
facial concentration of Mg and of protons as shown in the upper 
curves in Pig. 3. To a reasonable approximation the surface charge 
ι I 
density is independent of the Mg concentration. This might occur 
when deprotonation of surface groups, leading to an increase in (Γ , 
is counterbalanced by binding of Mg to these groups. Namely, 
raising the Mg concentration will lead to a reduction in the local 
128 
Fig. 3. Calculated dependence 
of the surface charge density on 
the interfacial concentration of 
Mg++ ( s d ) and of protons ( s h | 0 ) 
for which coefficient D¿ is 
l inearly related to the square 
root of the Mg"14" concentration 
at pH 4.5 and d^ Jy = 0.72 at 
that pH. The local potential in 
the absence of Mg i s in the 
upper and lower curve -52 mV and 
-77·6 mV, respectively. 
potential by which the proton concentration near the transport 
s i tes reduces which in turn might lead to a deprotonation of the 
surface groups. I t i s therefore expected that for the case that 
4*+ 
Mg has no aff ini ty for the charged groups, raising i t s concen-
t ra t ion will lead to an increase in 0" . As a matter of fact, if 
y = 20, a case in which 0* depends on the interfacial concentration 
of Mg or protons as shown in the lower curves of Pig. 1, an 
exact f i t to the square root relation between D. and the Mg 
concentration was obtained. For th i s example the local potential 
in the absence of Mg i s —77·6 mV. 
Obviously, depending of the number and kind of charged groups 
near the transport s i tes and of the affinity of protons and of 
polyvalent cations for these groups, Ζ -th root relations may be 
observed, even for potentials of the order of 25 mV. 
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CHAPTER Χ 
SUMMARY 

SUMMARY. 
In this thesis it is investigated ho«' the presence of a charge 
on a membrane surface may affect the kinetics of ion translocation 
across this membrane. 
In case this translocation process is considered to be for­
mally equivalent with an enzymic process of a Michaelis-Menten type, 
theoretically, in general deviation from Michaelis—Menten kinetics 
are predicted, due to the presence of a surface charge. Depending 
on the charge of the ion translocated, the charge of the membrane 
and whether or not polyvalent ions are present, the kinetics of 
monovalent ion translocation may show an apparent negative or 
positive homotrope cooperative phenomenon. If in the range of ion 
concentrations applied the the surface potential is not affected 
appreciably, however, simple Michaelis-Menten kinetics may be 
observed. In such a case the apparent К is still a function of 
the surface potential and generally this К is not linearly related 
to the concentration of a competing ion. It is shown that also when 
an ion has no affinity for the transport site the К may be affec-
m 
t e d by i n c r e a s i n g the concentra t ion of t h a t ion, a phenomenon which 
i s not expected when the membrane i s not charged (Chapter I I ) . 
In Chapter I I I the ef fect of surface charge on the k i n e t i c s 
of monovalent c a t i o n t r a n s l o c a t i o n mediated by a two-s i te mechanism 
i s i n v e s t i g a t e d t h e o r e t i c a l l y . Typical r e l a t i o n s (Z - t h root 
r e l a t i o n s ) are p r e d i c t e d for the dependence of the k i n e t i c c o e f f i ­
c i e n t s of the t r a n s l o c a t i o n process upon t h e c o n c e n t r a t i o n of a 
polyvalent c a t i o n , under condi t ions t h a t the surface p o t e n t i a l i s 
r e l a t i v e l y high . These r e l a t i o n s d i f f e r e s s e n t i a l l y from those 
derived for the case in which the membrane c a r r i e s no excess of 
charge. In Chapter I I I and IV the a p p l i c a b i l i t y of the Ζ —th root 
Ρ
 + 
r e l a t i o n s in descr ib ing the e f f e c t s of polyvalent c a t i o n on Rb 
uptake by yeast has been t e s t e d . A good a p p l i c a b i l i t y i s found for 
the d e s c r i p t i o n of the e f f e c t s of a l k a l i n e e a r t h c a t i o n s , U0 9 , 3 + 3 + Al and La . I t i s concluded t h a t the reduct ion m the r a t e of 
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Rb u p t a k e Ъу t h e s e p o l y v a l e n t c a t i o n s r e s u l t s n a m l y f r o n s c r e e n i n g 
of n e g a t i v e f i x e d c h a r g e s on t h e irembrane s u r f a c e and b i n d i n g t o 
t h e s e n e g a t i v e c h a r g e s r a t h e r t h a n from c o n p o t i t i o n w i t h Rb f o r 
t h e t r a n s p o r t s i t e s . The o b s e r v a t i o n t h a t p h o s p h a t e u p t a k e i s en— 
h a r c e d i n t h e p r e s e n c e of Mg s u p p o r t s t h i s c o n c l u s i o n . 
The f a c t t h a t e c r u i n o l a r c o n c e n t r a t i o n s of p o l y v a l e n t c a t i o n 
r e d u c e t h e r a t e of Rb u p t a k e i n t h e o r d e r Mg < S r < Ba « 
i f 2+ 3+ 
Al < UOp < La i s a t t r i b u t e d t o a n i n c r e a s e i n t h e a f f i n i t y 
of d i v a l e n t i o n s f o r t h e n e g a t i v e f i x e d c h a r g e s m t h a t same o r d e r 
3+ 3+ 
and of trivalent lors m the order Al < La . 
3+ 
In Chapter V t i e ef fect of Al on the steady s t a t e d i s t r i b u ­
t i o n of Rb between the balk s o l u t i o n and ins ide the c e l l s i s 
examined. Al has no ef fect on t h i s steady s t a t e d i s t r i b u t i o n , 
which i s i n conformation with the hypothesis t h a t ΑΙ , and p r o ­
bably a l l the polyvalent c a t i o n s appl ied, a f f e c t s Rb uptake through 
an e l e c t r o s t a t i c i r t e r a c t i o n v i t h meirorane fixed charges . 
The second part of t h i s t h e s i s mainly deals witn the e f f e c t s 
of protons on Rb uptake. As changes m the e x t r a c e l l u l a r pH (pH ) 
are accorpamed by c o n c o m t t a n t changes m the i n t r a c e l l u l a r pH 
(DH ) we have f i r s t exanmea ho« charges in pH at constant pH 
may af fect Rb uptake . Yeast c e l l s with d i f fe rent pH are obtained 
by v a r i a t i o n in pretreatment of the yeast c e l l s before determining 
the r a t e of Rb uptake . I t i s found t h a t changes in pH af fect Rb 
uptake s i g n i f i c a n t l y (Chapter V I ) . At a l l t h e Rb c o n c e n t r a t i o n s 
appl ied a reduct ion m pH leads t o enhancement of Rb uptake. 
Appl icat ions of a t n e o r e t i c a l l y derived d i s c r i m i n a t i o n c r i t e r i o n 
shows t h a t a mobile c a r r i e r irechanisn i s probably not involved in 
the Rb uptake by yeast c e l l s . A non—carrier mechanism i s suggested 
and general f e a t u r e s of the Rb uptaice mechanism are discussed. The 
dependence of the maxiirum r a t e of Rb aptake on pF observed 
exper imental ly may r e f l e c t a d i r e c t coupling between c a t i o n inf lux 
and proton eff lux which i s expected when Rb t r a n s l o c a t i o n across 
t n e петЪгапе proceeds v ia a Rb — H excnango r e a c t i o n in the 
i n t e r i o r of the membrane, or i t may be due t o ar increase in the 
negative membrane p o t e n t i a l caused by a rrore e f fec t ive proton pump 
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generating an electrogenic potential. 
Effects of extracellular protons are described in Chapter VII. 
It is shown that the Rb uptake is affected by extracellular protons 
in a rather complicated way. At relatively high Rb concent га-ions 
an enhancetient of Hb uptake by protons is observed. At lower Rb 
concentrations, however, inhibition occurs. It is argued that this 
complicated effect of protons is a result of three distinct inter­
actions of protons with the Rb uptake mechanism. Indirect inter­
actions are the reduction m pH and the reduction in the surface 
ι 
potential. A direct interaction is the ccnpetition between protons 
and Rb for binding to the transport system. 
In Chapter VII also effects of polyvalent cations ana of 
protons on Rb uptake and on the zeta potential of yeast cells 
are compared. It is argued that the zeta potential is not identical 
with the surface potential "felt" by the transport sites. It is 
suggested that the transport sites are located at a short distance 
from the negative groups. It appears that effects of polyvalent 
cations and of protons on the zeta potential may be considered 
to reflect effects of these ions on the local potential felt by 
the transport sites. Therefore, knowledge of these effects may 
be helpful m elucidating the influence of surface charge on the 
kinetics of ion translocation across biological membranes. 
In Chapter VIII it is investigated how the kinetics of divalent 
cation uptake may be affected by tie presence of a negative surface 
charge. A model is developed m which it is assumed tnat the uptake 
is mediated by a mechanism with one binding site. In addition, m 
the model it is accounted for that monovalent cations may affect 
the uptake of a divalent cation via binding to a non competitive 
site. It turns out that, m general, deviations from the Michaelis— 
Menten relation will be observed, if m the range of concentrations 
of a divalent cation applied the surface potential is affected 
appreciably. It is shown that in such a case the isotherm (v - s 
relation) resembles that predicted for uptake via two independent 
mechanisms, each of the Michaelis—Menten type (dual mechanism). 
A rejection criterion for the dual mechanism is discussed. Finally, 
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it is shown that isotherms computed according to the model developed 
resemble those found experimentally for Sr uptake by yeast. In 
addition the different effects of Rb and Li on Sr uptake found 
experimentally agree well with the predictions of the model. 
In Chapter IX the applicability of the Gouy-Chapman theory 
of the electrical diffuse double layer is discussed and the effects 
of polyvalent cations and of protons on Rb uptake are compared 
with each other. 
The experimental data presented in this thesis demonstrate 
that the simplest form of the theory of the diffuse double layer 
is adequate to describe the electrostatic potential produced by 
charges at the nembrane/solution interface and tne effects of ions 
on this potential as well. 
It is shown that the occurrence of Ζ —th root relations is 
Ρ 
not restricted to conditions that the surface potential is relative­
ly high. Also at potentials of the order of 25 mV Ζ -th root 
relations may be found experimentally. It is argued that data on 
the effect of polyvalent cations on the Rb uptake do not allow an 
estimation of the absolute value of the potential "felt" by the 
transport sites. In addition, it is argued that the effect of 
protons on the Rb uptake do not allow us to conclude definitely 
that its competitive effect is not entirely due to competitive 
inhibition. However, the description of the effects of protons 
and of polyvalent cations on Rb uptake by yeast cells is not in­
consistent with the hypothesis that these ions affect ion trans­
location across the yeast cell membrane at least partially through 
a reduction in the local surface potential. 
In order to obtain ultimate proof more sophisticated discrimi­
nation criteria should be developed and also techniques other than 
cell electrophoresis should be applied. In fact, techniques should 
be applied which provide information about the quantitative 
relationship between the local surface potential and the concen­
trations of ions in the bulk solution. 
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It i s finally concluded, that although the fixed-charge model 
for the НЪ uptake Ъу yeast as descгiЪed in t h i s thesis i s too 
simple to provide an exact explanation of the kinetics of t h i s 
uptake process, i t s usefulness l i e s in indicating the type of 
kinetic behaviour that can Ъе predicted from th i s model. As a f i rs t 
approximation, i t provides a useful approach to an understanding 
of ion—membrane interactions and of the effects of these in ter­
actions on ion translocation across biological membranes. 
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